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Foreword

Power Sources 18 is an edited record of the papers and
posters submitted for presentation at the 22nd International
Power Sources Symposium that was held at the Crowne
Plaza — The Midland Hotel in Manchester, England, during
9-11 April 2001.

Manchester was chosen for the 22nd Symposium follow-
ing an extensive, country-wide survey by the Board of
Trustees who were seeking a venue which met the needs
of presenters, delegates and exhibitors with regard to facil-
ities, comfort and accessibility coupled with good value for
money.

As in previous years, the call for papers produced an
overwhelming response. Forty-eight papers from 14 coun-
tries are contained in these Proceedings. This has once again
confirmed the variety of work being undertaken into
research, development and advancement of battery and fuel
cell technology on a worldwide basis.

The number and variety of topics submitted for presen-
tation enabled the Board to organize not only a 3-day
programme covering a wide range of electrochemical topics
including basic and applied research, development
and applications, but also a day-long parallel session
concentrating on power sources for communications
equipment — ranging from military manpack radios to
remote telemetry.

A key event of these symposia is the Bourner Lecture —
in memory of our previous secretary, Sheila Bourner —
given this time by Gunder Karlsson of Emerson Energy
Systems ASB of Sweden. His lecture was entitled: Do
standby batteries need to have a new chemistry? — a topic
with implications for any application where an uninterrupted
power supply is critical.

The production of the Symposium Proceedings has
always been considered by the Board as one of its prime
duties. It also considers that the quality of the publication
and its academic content should enhance both the reputation
of its contributors and that of the Symposium. As editor
since 1993, Austin Attewell has achieved both of these aims
with distinction. His international reputation as a battery

0378-7753/01/$ — see front matter © 2001 Published by Elsevier Science B.V.

PII: S0378-7753(01)00570-5

expert has given confidence to the Board of Trustees, and to
authors that their work would be published to the highest
standards. It is therefore, with regret, that the Board has
accepted his request to retire as editor, following the
publication of Power Sources 18.

As a tribute to Austin’s outstanding contribution to the
advancement of power sources during his career with the
U.K. Ministry of Defence at the Royal Aircraft Establish-
ment (later Defence Research Agency) at Farnborough,
coupled with his furtherance of the effectiveness of the
Symposia, both as an author of several papers and as editor
of five volumes of Proceedings, the Board of Trustees have
awarded him the Frank M. Booth medal for 2001.

I am pleased to announce the appointment of a new editor
in the person of Martin Crowther. Martin is currently a
member of the Board of Trustees and is a recognised battery
expert — having worked for many years in the UK.
Scientific Civil Service.

As in previous years, I should like to take this opportunity
to thank all of the authors who submitted papers and posters
for publication. Their efforts not only enhance the reputation
of these Symposia but also justify their existence.

I have to report the retirement of several members of the
Board since the 21st Symposium in Brighton 2 years ago.
These were Dr. B.L. Jones (past Treasurer), Dr. J. Knight and
W.R. Young (past Vice Chairman). All three undertook extra
responsibilities during their period as Trustees. I should like
to express my personal gratitude and that of the other
Trustees to them for the support they gave to the Symposia
over many years.

I deem it a great privilege to chair the Board of the
International Power Sources Symposium. The 22nd meeting
in Manchester in 2001 represented the culmination of 2
years of work by my fellow Trustees and professional
officers. This effort, in combination with the support of
presenters and delegates, ensured the success of this impor-
tant scientific gathering.

T. Keily (Chairman)
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The Frank M. Booth Award

The Frank M. Booth Award, established in 1970, is named after the founder of these International Symposia. It is presented in
recognition of outstanding contributions to the advancement of Power Sources, both technically, and in furthering the
effectiveness of the Symposia.

For the 2001 Power Sources Symposium, the Board of Trustees is delighted to announce that they have made the award to
Austin Attewell, the retiring Symposium Editor.

Austin Attewell

"]

After reading chemistry at London University and service in the Royal Air Force, Austin Attewell joined the UK Scientific
Civil Service and for 42 years worked at the Royal Aircraft Establishment, Farnborough. Early in his career with batteries, he
began work on thermal and other types of batteries for use in guided weapons. Later, he was involved with primary zinc-air and
with the safe usage of lithium primary batteries in military environments. Much of his time was spent in the development of
battery hardware, both in-house and extra murally, and in trying to cultivate the correct usage of batteries by the Armed Forces.
He organised and supervised several test houses devoted to the evaluation and hazard testing of all types of battery of interest to
the British Army and the Royal Air Force.

In later years, as a consultant at the R.A.E., he was involved in specification work and in the creation of a data base containing
details of all batteries of interest to the UK military.

Of the delegates at the 2001 Conference, he was the only one who had attended all, except one, of the International Power
Sources Symposia since their inception in 1958. He contributed several papers on subjects ranging from thermal batteries to the

0378-7753/01/$ — see front matter
PII: S0378-7753(01)00571-7
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safety testing of lithium types, whilst in 1988 he reviewed changes which had occurred in battery technology during the first 30
years of the Symposium’s existence. He became editor in 1993, and worked on the production of five volumes of the
Proceedings: Power Sources 14 through 18.

For several years, he contributed a regular column: Power Source Voice to Batteries International that, besides presenting his
own views of the battery scene, past and present, was used — often blatently — to publicise forthcoming Power Source
Symposia.

Cooperation with those government organisations and manufacturers in North America who were working on weapons’
batteries led to an appreciation of the United States as a vacation location and for many years he and his wife have spent several
weeks there on annual holiday.

Photography, an interest in all aspects of the British countryside — its landscape, transport and buildings — combined with a
lifelong interest in model-making has led him into having a deep involvement with a charitable museum which is involved in
an ambitious project to re-create in miniature and with detailed accuracy, a small part of Southern England as it appeared in the
inter-war years.

He hopes to be able to attend the next Symposium in 2003, as this will be the occasion to celebrate 50 years of involvement
with battery R&D.

Previous recipients of the Award have been:

Dr M. Barak 1960-1970
Dr P. Reasbeck 1960-1970
Mr A.L. Taylor 1960-1970
Mrs J. Burbank 1970
Dr J.F. Laurent 1972
Dr M.I. Gillibrand 1974
Mr D.H. Collins 1976
Prof H.R. Thirsk 1978
Dr P. Ruetschi 1980
Mr M.H.J. Lemmon 1982
Dr J.P. Gabano 1986
Prof EL. Tye 1986
Mr N.E. Bagshaw 1988
Prof K. Kordesch 1991
Mrs S.M. Bourner 1993
Dr G.J. Donaldson 1995
Dr P.M. Skarstad 1997
Mr S. Goodman 1999
Prof. A.J. Salkind 1999
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The Bourner lecture — do standby batteries need
to have a new chemistry?

Gunder Karlsson
Emerson Energy Systems AB, Dialoggatan 1, Kungens Kurva SE 14182, Sweden

Received 6 December 2000; accepted 15 December 2000

Abstract

The telecommunication and data communication businesses are experiencing strong growth and so is the demand for batteries for back-
up power. The stationary lead-acid battery is the type that dominates these applications. This presentation will give some guidelines for
battery scientists who want to apply their technology to back-up power. The opinion of the author is that the advanced batteries that are in
the frontline today are poorly adapted to the needs of back-up power for networks. If developers of these advanced batteries are to stand a
chance of achieving success in the network power market they must focus on reliability, volumetric energy density and cost. © 2001 Elsevier

Science B.V. All rights reserved.

Keywords: Standby power supplies; Telecommunications; Lead-acid batteries; Reliability; Cost effectiveness

1. The market

Data transmission and voice transmission are experien-
cing strong growth. This is fuelled by the popularity of the
Internet and by mobile telephony. Soon Internet and mobile
telephony will merge. Voice traffic over the mobile network
will become packet-switched (data) instead of line-
switched. The mobile network we have today is the so-
called 2G (second generation) and will have enhanced data
communication. New operators using 3G (third generation)
networks will offer even more data transmission over the air
interface. The mobile Internet will naturally create a need
for more data transmission in the network. When the Internet
is more accessible it will of course be used more, and hence,
need more capacity. The increased band of 3G mobiles and
also that of broadband Internet access will be used, together
with new services eating up the bandwidth. Services like TV,
video, still pictures and music are popular and they are
demanding on the bandwidth.

There is a strong motivation for high availability on the
networks. This is for several reasons. A very important one is
that of loss of revenue. At transmission centres where traffic
is concentrated, loss of service becomes very costly. Today,
there are network centres where there are several operators
sharing a common installation. These centres are sometimes
called Internet hotels and also sometimes refeired to as

E-mail address: arbaseus @algonet.se (G. Karlsson).

telehousing. In these premises the company responsible
for the infrastructure normally is obligated strictly to provide
safe, reliable, electric power. Even on the access side, both at
the fixed site and at the radio base station, back-up power is
necessary. The traffic at a radio base in a densely populated
area is generating revenue, and therefore, back-up power is
necessary.

2. Reliability

There are several options for back-up power. These
options can be ranked in a diagram showing the reliability
and volumetric energy density (Fig. 1).

The reliability scale is an important factor for the selec-
tion of back-up power. At the lower end of reliability we
have motor generator combinations while we have batteries
at the higher end of reliability. During my years in
telecommunications, I have begun to realise that these
two factors are the most important factors for back-up power
in the infrastructure of telecom. The batteries we use today
are highly reliable. This reliability is not inherent in
batteries. It has long been fought for.

Accumulated experience in the production and design of
lead-acid batteries has led to the level of reliability that we
have at present. A battery consists of a set of cells in series.
Every cell has to be highly reliable in order for the battery to
have a high reliability. Even with such a mature technology

0378-7753/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Reliability

Direct fuel cell

as turbines|
Diesel generators

Energy density

Fig. 1. A ranking of reliability against energy density.

as the lead-acid battery, minor new design features have
presented reliability problems. At introduction, the low
maintenance flooded and the valve regulated battery designs
were plagued by reliabilities lower than the previous, older,
technology.

The valve regulated lead-acid battery, which is the most
common battery for industrial back-up purposes, has been
plagued by problems; some of these failure modes can be
found in Table 1.

It has been stated that valve regulated batteries become
unreliable very early in life [1,2]. Our experience is that this
technology has matured and reliable performance is now
achieved. Improvements will continue to be made both in
terms of energy density, longevity and production costs. If
standardisation can be increased and production more cen-
tralised, cost could come down even further.

3. Primary versus secondary

Among candidates for back-up power, there are two
groups from a systems point of view — electrically refuel-
lable and those that cannot be refuelled electrically. Using
terms common among battery scientist the groups are akin to
primary and secondary batteries (Table 2).

Because of operational convenience an electrically refuel-
lable battery is always preferred over a back-up power
source which needs to be mechanically refuelled. The
storage of fuel on site is normally associated with some
risk. Storage of fuels is regulated and in some locations a
permit is required. This is a concern both for fuel cells and
for motor generators. Also the waste product from mechani-

cally refuelled devices can be a problem. For instance,
ducting from a diesel generator and from a fuel cell is
required.

You need to remove waste heat and moisture. The mechani-
cally refuellable metal/air batteries which have been sug-
gested and promoted as back-up power, create a problem on
the waste side rather than the fuel side. The aluminium/air
battery has been promoted recently, as a clean back-up source.
When end-customers became aware of the waste electrolyte
problem the interest in this device soon faded.

4. Batteries versus the alternatives

The flywheel has recently caught much attention as a
clean back-up power source [3]. The proponents of this
technology have stressed its virtues; environmental friendli-
ness, high power density and longevity. Put into a back-up
power source perspective reveals that it is less reliable than a
battery. This comes from the fact that is uses an electronic
power conversion stage for its electrical output. An electric
power converter decreases overall reliability. Another draw-
back of the flywheel is the lack of long term experience. The
flywheel is similar to a superconducting coil in many
aspects. Both devices are dependent on power electronics
for their output of electric power.

The flywheel’s measure of performance for gravimetric
energy density is ultimate strength divided by density. For
those materials with the best index of performance this
translates into an ultimate energy density close to that of
the lead-acid battery. So the battery fares well in this
comparison versus another back-up power source.

Table 1

Problems with valve regulated lead-acid batteries

Problem Comment Cure

Corrosion The ultimate failure mode Better alloys, new grid making methods

Top-lead corrosion An unnecessary failure mode
PCL Occurs even for very few cycles
Negative self-discharge Appears over a 24 year span

Proper alloys
Higher compression, more dense active material, addition of tin
More lead surface area to positive grid, high overpotential negative
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Table 2

Primary and secondary standby devices

Primary Secondary

Motor generators Rechargeable batteries
Thermoelectric generators SMES

Fuel cells Flywheels

Reversible fuel cells
Pneumatic storage

Metal/air batteries
Other primary batteries

If we omit metal/air, batteries can be almost completely
sealed and be without moving parts — which are very
attractive attributes from a reliability point of view. The
most desirable features for new batteries are:

1. Higher volumetric energy density.

2. Higher gravimetric energy density.

3. Better endurance at high temperatures.

4. Components that are more environmentally acceptable.

Most of the research for new chemistries has focused on
portable batteries and batteries for electric traction. The
research on portable batteries is driven by the market and is,
to a substantial part, financed by the battery companies. For
electric vehicle batteries research is funded mainly by the
State. At the present time there is very little research into
batteries for stationary applications except for the continu-
ing development of existing lead-acid technology.

5. New battery chemistries
We put together last year a diagram showing new battery

chemistries (Fig. 2). We found the highest volumetric energy
densities in flooded nickel/metal hydride batteries. We found

that the longest working calendar life for full scale batteries
was from sodium/nickel chloride batteries. We are aware
that most research is spent on lithium batteries in various
forms, both in terms of chemistries and in mechanical
design.

However, little research has been done so far on calendar
life float studies for secondary lithium batteries. The
Canadian research into PEO-solid electrolyte batteries
proved that this battery did indeed have a long life. The
company ARGO-TECH, which uses technology that partly
comes from this research is, at present time, the only
company that is researches into lithium batteries with the
stationary application as main interest.

Each year, a forum for energy related research for telecom
is arranged by IEEE: the INTELEC Conference. One of its
topics is batteries. There are few presentations about alter-
nate chemistries. In the year 2000, there were the following
numbers on various battery systems: lead-acid 29,Ni/Cd
1,Ni/MH 2,Li-ion 1,Li-polymer 2; and this was the year
with the most papers on alternate battery chemistries.

6. Relations between cost and performance

It is the authors opinion that new chemistries can get
substantial market penetration into stationary standby
batteries when their cost is in the range of two to four times
that of lead-acid batteries. This is the approximate relation-
ship today between industrial nickel/cadmium and lead-acid
batteries. The nickel/cadmium battery has the advantage of
long life at elevated temperatures. Some customers have
been attracted by this feature. The better high temperature
endurance enables them to increase the intervals of battery
replacement. The alternate solutions, to use compressor

250

200 CELL
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150

100

50

Fig. 2. Volumetric energy densities of a flywheel and of some new chemistries.
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driven refrigeration or to use high temperature lead-acid
batteries, are less attractive in many applications. Nickel/
cadmium batteries will continue to be used in niche applica-
tions in telecom where the main advantage is that high
temperature endurance is required. However, improved
lead-acid batteries, specialised for high temperature, will
counteract this. As mentioned previously, the most desirable
feature of a new battery is volumetric energy density. In this
aspect, the difference is not that great between nickel/
cadmium and lead-acid.

To really make a difference, a new chemistry battery has
to have a substantial advantage over the best lead-acid
battery designs, which have a volumetric energy density
of 100 Wh dm™.

7. Some basic costs

It is the author’s opinion that the cost of battery basically
is composed of raw materials cost factor and a necessary
surface area factor. The raw materials cost is composed of a
cost per ampere-hour of the compound and its relation to the
other materials. When using nickel in an aqueous battery
with a 1.2 cell voltage and one electron per mole exchange,
the unit cost is higher than for a sodium/nickel chloride
battery where we get two electrons per mole and 2.5 V. The
necessary surface area is not such a definite factor because
industrial development can influence this strongly. Battery
chemistries which use poorly conducting electrolytes and
have low cell voltages need to produce more electrode
surfaces for the same performance. The very high power
density figure of merit of the lead-acid battery is one of the
factors that has contributed to the success of this battery.

Lithium batteries, which have high energy densities, have
the draw back that the most efficient materials for the
positive electrodes are costly. The really affordable materi-
als that can be used in lithium batteries, such as sulphur
polymers and manganese oxides are, as yet, less developed.

8. Float charge requirement

Another factor that is very important for a successful
battery is the ability to be operated in the float charge
mode. Today, back-up power is provided by fully floating
configurations. The batteries are connected in parallel with
the load and the rectifiers. There is no power electronics
between the battery and the load. This is considered as

necessary for high reliability. The various advanced sealed
nickel batteries have a disadvantage in this respect, as they
do not lend themselves to be operated safely in the float
charge mode. The nickel battery which has recently been
most successful commercially is a flooded version, which
can safely be charged in the float mode. Nickel/metal
hydride batteries seem attractive from the volumetric
energy density point of view.

9. Author’s speculation

Nickel metal/hydride batteries have the virtues of high
energy density. Their inability to operate safely in float
charge mode and in a high temperature environment are
problems at present time. If it could be shown that the
hydride alloy could survive for a substantial time at elevated
temperature, nickel/metal hydride could gain a substantial
market share. It might be that flooded design with separate
head space for recombination could do the job.

Batteries operating at high and elevated temperatures
have been proposed for electric vehicles, but the high
temperature is a definite disadvantage for this application.
For stationary applications, where the back-up energy is in
the range >5-10 kWh, the drawbacks of high temperature is
not so large as in the electric vehicle application. Also the
more moderate demand on power density makes batteries
based on beta-alumina and on polymers more viable for
standby applications.

For lithium batteries, one must keep an eye on the
development of production technologies and on the devel-
opment of non-cobalt positives. If the manufacturing costs
for the large amounts of electrode surfaces that are required
and their assembly into working units can be brought down
substantially, then lithium batteries might have a success in
the area of standby power for telecomunications.

For further reading see [4].
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Abstract

Possible future developments of lithium rechargeable batteries are discussed. Lithium ion liquid electrolyte batteries are now well
established, with energy densities of up to around 150 Wh kg ™', There are prospects of increases in the energy density to perhaps 200~
250 Wh kg~' by using new cathode materials (lithium nickel cobalt oxide) and light weight construction. High power cells make it possible
for these batteries to find new uses, e.g. in military applications. Some new materials could reduce the cost, which might make lithium

rechargeable batteries economic for electric vehicles.

Keywords: Lithium ion rechargeable batteries; Lithium oxides

1. Introduction

Since the introduction of lithium ion batteries by SONY
[1], the market for these has grown to around 400 million
cells per year [2] for premium consumer applications, such
as camcorders, portable telephones and computers. 95% of
these batteries are made in Japan [2]. The vast majority of
them use the same basic chemistry as announced by SONY,
which is a carbon negative electrode into which lithium
intercalates and a lithium cobalt oxide, LiCoO,, positive
electrode. The voltage range is 2.5-4.2 V, with a nominal
voltage of 3.6 V. This paper gives a personal assessment of
recent developments since the 1999 International Power
Sources Symposium and of likely improvements to the
lithium ion system. It does not attempt to give an exhaustive
review of the subject, as that has been done recently [3], but
rather gives the author’s opinions of those developments
which are significant and have the potential for industrial
exploitation. It describes recent developments and new ideas
for all aspects of lithium ion batteries: anode, electrolyte,
cathode and construction and is not limited to purely che-
mical aspects.
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2. Anode development

Existing lithium ion batteries use carbon in various forms,
such as graphite, hard carbon and microspheres, as the
negative electrode. The use of carbon as a negative defines
the lithium ion system, with lithium intercalation into the
carbon obviating the use of lithium metal as a negative
electrode with the hazards resulting from possible uneven
lithium plating and dendrite formation. However, a new
electrolyte system has been developed in which, it is
reported, lithium can be plated safely [4]. The use of a
negative electrode has been avoided completely in the
FORTU battery, which is a metal-free system, in which
lithium is produced within the battery on charging from the
cathode system that uses lithium cobalt oxide [5]. This
system uses a sulfur dioxide electrolyte (see below). The
advantages of this system arise from the electrolyte, as the
cathode is the same as the standard SONY system. However,
avoiding the use of an intercalating carbon negative elec-
trode reduces the weight.

Research on tin compounds as negative electrodes to
replace the carbon continues, following the announcement
by FUIJI [6] of lithium ion batteries using this system.

3. Electrolyte development

Electrolytes based on organic carbonate mixtures have
become the standard for lithium ion batteries. The main
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developments recently have been investigations of different
mixtures of propylene, ethylene, diethyl, dimethyl and ethyl
methyl carbonates to obtain the best low temperature
performance. Performance down to about —20°C is possible
with various mixtures of the above compounds. This is
adequate for domestic applications. To get lower temper-
ature performance (which is needed for some military
applications) with organic electrolyte systems, other organic
compounds, such as acetates, need to be added to the
carbonate mixtures [7].

An alternative approach to good low temperature perfor-
mance is to use completely different electrolytes. This is
achieved in the FORTU battery. This uses the standard
lithium cobalt oxide cathode material, but the electrolyte
is liquid sulfur dioxide with lithium tetrachloraluminate
(L1AICly) as the electrolyte salt. This solution has a freezing
point below —80°C and a conductivity at room temperature
of about 10 times that of organic electrolytes. Hence, this
system has high power capability. The good low temperature
performance and high power capability are important for
military applications.

Apart from liquid electrolytes, polymer electrolytes are
now developing rapidly, particularly those of the gelled
electrolyte type. As with the liquid electrolyte cells,
production is concentrated in Japan [8]. Performance of
liquid and gelled electrolyte cells can be compared for
cells of the same construction (envelope or packet cells,
see below) made by the same manufacturer (GS-MEL-
COTECH) [9]. Performance was remarkably similar. Pure
polymer electrolytes have been investigated extensively
[10], but still suffer from the problems of low conductivity
and poor low temperature performance. Hence, the only
application has been for uses in above-ambient tempera-
tures [11].

4. Cathode materials

The standard cathode material remains lithium cobalt
oxide, LiCoO,, for the vast majority of lithium ion batteries.
Its advantages of reliable performance and long cycle life
outweigh its disadvantages of only moderate capacity
(130 mAh g™, high cost of cobalt metal and moderate
toxicity. The lithium cobalt nickel oxide (LiCoq,NiggO,)
cathode material was already known at the time of the last
International Power Sources Symposium [12]. This material
has potential advantages of significantly higher electroche-
mical capacity (180 mAh g ') and also should have the
advantage of lower cost as 80% of the cobalt in LiCoO,
has been replaced by nickel. However, metal prices are
volatile and cost advantages cannot be estimated on a
long-term basis. The technical problem which has limited
its widespread use so far has been the poor capacity retention
on cycling, as reported at the last Symposium. However, it
has been discovered recently that addition of small amounts
of aluminium significantly improves capacity retention

[13,14] so lithium cobalt nickel oxide is likely to replace
lithium cobalt oxide.

Lithium manganese oxide spinel (LiMn,0O,) continues to
attract attention because of the lower price and toxicity
advantages of manganese over cobalt. However, notwith-
standing large amounts of work, the fundamental problems
with this material remain, which are low electrochemical
capacity (110 mAh g™'), instability during storage in the
charged state and limited cycle life. These may be related to
the greater sensitivity of manganese compounds than cobalt
ones to hydrolysis by acidic impurities in the electrolyte
arising from the lithium hexafluorophosphate electrolyte
salt. As major work has failed to eliminate these problems,
it seems that they are insuperable, and widespread use of
manganese oxide spinel seems unlikely. Another approach
has been to try to develop a manganese analogue of the
lithium cobalt oxide with the formula LiMnO, [15]. This had
been reported before the last Symposium but, although this
material showed a high initial capacity, capacity was lost on
cycling as the material reverted to the spinel. Another form
of LiMnO; has since been made [16]. Possibly this will find
application as the lower cost and toxicity of manganese in
comparison with cobalt would give it a significant advantage
provided that a long cycle life could be obtained and that at
least 50% of the manganese could be cycled, as this is
roughly the proportion of the cobalt which can be reversibly
cycled in lithium cobalt oxide.

Higher voltage cathodes have also been investigated such
as LiCoMnQ, and related compounds [17]. Application of
these is likely to have to await electrolytes which are stable
at these high voltages.

An alternative and imaginative cathode system, which
was reported at the Symposium back in 1997 [18], was the
metal oxide/lithium sulfite system. Various transition metal
oxides are being investigated under a European Union
CRAFT programme ‘LIBEVA’.

Rechargeable lithium/sulfur dioxide liquid cathode
batteries have been investigated for many years but have
never reached commercial production because of safety
concerns. A new approach from Battery Engineering Inc.
[19] has been to make a lithium ion/sulfur dioxide recharge-
able cell but with a lithium foil negative to act as a source of
lithjum. On discharge, the lithium reacts to form the normal
discharge product for a lithium/sulfur dioxide primary
battery, namely lithium dithionite, Li»S,0,, which can then
be cycled as a source of lithium ions. A variant on the
rechargeable lithium/sulfur dioxide battery uses a copper
chloride cathode, rather than just using the electrolyte as a
liquid cathode. This system has been known for many years
but has suffered the same safety problems as the lithium/
sulfur dioxide rechargeable cell. Recent advances are
reported to have avoided these problems [20].

Apart from the major efforts on oxides as cathode materi-
als, some work has been reported on sulfides. These have
the advantages of much higher capacity, e.g. 400 mAh g™
for LiyFeS,, cf. 130 mAh g~' for LiCoO,. However, the
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voltages are much less (1.8 V for Li;FeS,, 3.6 V (nominal)
for LiCo0O,), though the higher electrochemical capacities
should more than compensate for this. One factor limiting
the use of lithiated transition metal sulfides has been the
inconvenient, slow, high temperature solid state syntheses of
these materials [21]. New syntheses have been developed
which avoid this problem [22].

5. Battery construction

Batteries are now widely available in both cylindrical and
prismatic formats. Cells are also available using a flat spiral
wind construction [23]. To save weight, light-weight packa-
ging can be used and some techniques were reported at the
last Symposium [24]. Recently, lithium ion batteries con-
taining either liquid or gelled electrolytes have been
announced using light-weight packaging [9]. Energy den-
sities using either electrolyte were similar at about 160—
170 Wh kg™

6. Battery performance

Energy densities of about 140-150 Wh kg™ are now
available in cells using metal cans, with higher values of
160-170 Wh kg™ in cells with light-weight packaging [9].
There are prospects for higher energy density batteries.

1. By the use of lithium cobalt nickel oxide cathode
material instead of lithium cobalt oxide. This raises
Coulombic capacity from around 130 to around
180 mAh g™, an increase of nearly 40%.

2. Light weight packaging. This gives an increase of
around 20%.

3. Lithium-free batteries (e.g. SO, electrolyte/LiCoO,
cathode) for which around 200 Wh kg™ is claimed.

4. New cathodes, e.g. sulfur compounds.

These improvements, individually or collectively, suggest
that further significant increases in energy density for
lithium rechargeable batteries are possible, with perhaps
200-250 Wh kg~ being possible in the foreseeable future.
This reflects roughly a doubling of the energy density that
was available a few years ago when 100-110 Wh kg’ was
the norm. These energy densities bring the energy density of
lithium ion batteries up to seven or eight times that available
from lead-acid, which is around 30 Wh kg_l.

The energy density available from a battery is not the only
criterion to judge its performance. Power can be more
important. As with any battery, the power available from
lithium ion cells depends not only on the chemistry but also
on the design. Some lithium jon batteries have been
designed specifically for high power [25]. High power cells
had power ratings of around 800 W kg™' (continuous) or
1400 W kg~' on 18 s pulses. These are high values and

indicate that lithium ion batteries can be high power devices.
However, a high power design will affect the energy density,
with high power batteries having energy densities of only
around 80—100 Wh kg ™', in contrast to high energy batteries
which achieve around 140 Whkg™".

Performance must be judged not only in relation to battery
size or weight, but also in relation to cost. Partial replace-
ment of the expensive cobalt in lithium cobalt oxide by
nickel should reduce cathode material cost. Manganese
compounds would be cheaper still. Sulfur compounds, for
either cathode or electrolyte (sulfur dioxide) would further
reduce cost.

7. New applications for lithium ion batteries

Existing applications for lithium ion batteries are for the
premium applications for the consumer market, originally
for camcorders, now more widely for portable telephones
and computers. Lithium ion batteries for electric vehicles
have been extensively investigated, but the cost needs to be
reduced significantly. Lithium ion batteries are now being
investigated for numerous military applications such as
underwater applications [25], aircraft main batteries [26],
space [27], and batteries for portable electronic equipment
[28].

8. Conclusions

Since the introduction of lithium ion batteries nearly 10
years ago, their production has expanded enormously. The
performance has improved significantly in the last couple of
years, with prospect for further improvements due to dif-
ferent construction and new cathode materials (lithium
nickel cobalt oxide). Gelled electrolyte batteries are now
coming into production.
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Abstract

Carbon—carbon (C-C) composite has been investigated as an anode for lithium-ion battery systems. The composite electrode delivers
high reversible capacity and very low irreversible capacity loss. The test results of lithium-ion cells made with the C—C composite anode
show many advantages, such as excellent performance and enhanced safety. The performance improvement is achieved because of strong
mechanical integrity (cycle life) and absence of binder (shelf life) in C—C composite. The enhancement in safety comes from high thermal
conductivity, fire retardant characteristics and an acceptable ability to overcharge and overdischarge. © 2001 Elsevier Science B.V. All

rights reserved.
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1. Introduction

The lithium-ion battery is considered to be the recharge-
able battery of the future — from portable electronics, to
aerospace and to vehicular applications. It provides high
specific energy and energy density, excellent cycle life, low
self-discharge and does not have memory effects. Because of
its advantageous characteristics, lithium-ion batteries are
widely used in portable electronic devices and are taking
larger market shares each year from its competing technol-
ogies of Ni/Cd and Ni/MH. It has been forecast [1] that by
the year 2003 most of the mobile consumer electronics will
use lithium-ion batteries as their power sources.

However, the state-of-the-art lithium-ion battery system
operates within certain voltage limits, beyond which either
performance deteriorates and/or safety incidents, such as
explosion/fire occur (see Fig. 1). The present lithium-ion
battery system is, therefore, an almost zero tolerance tech-
nology. As such, overcharge and overdischarge protection
circuits and/or devices are used in commercial lithium-ion
batteries. For small, relatively low capacity, low voltage
batteries, the above measures to protect the battery and users
are found to be acceptable. For high capacity, multi-cell high
voltage batteries, such as are being considered for use in
aerospace and/or vehicular applications, an inherently safe
battery chemistry is essential so that, if the battery experi-
ences overcharge and/or overdischarge, there should not be
any safety concerns.

“Corresponding author. Tel.: +1-520-574-1980.
E-mail address: shossain@mercorp.com (S. Hossain).

The manufacturing of the state-of-the-art lithium-ion
batteries demands high cost, sophisticated equipment for
the production of cathodes and anodes of uniform loading.
The relatively high capital investment and the use of over-
charge/overdischarge protection circuits and/or devices are
the main contributing factors to the high cost of lithium-ion
batteries.

To address the above shortfalls, we have developed an
anode based on carbon—carbon (C—C) composite material
for lithium-ion batteries. The C—C composite offers many
advantages, such as high reversible capacity and low irre-
versible capacity loss, excellent mechanical strength, good
electrical and thermal conductivity, fire retardant character-
istics and is reusable. It also offers an overcharge and
overdischarge acceptance ability. This paper describes the
intercalation/de-intercalation behavior of lithium-ions into
the composite material and performance characteristics of
lithium-ion cells made with the composite anode.

2. Experimental
2.1. Preparation of electrodes

2.1.1. The lithium electrode

The 3 pm thick expanded nickel mesh (Delker Corpora-
tion) was cut to the size of lithium electrode (25mm
x35 mm) with an attached tab (6.3 mm wide and 19 mm
long). Both sides of the expanded mesh were cleaned with
acetone. The substrates, thus prepared were transferred to a
glove box (H,O < 1ppm) where 50 pm thick metallic

0378-7753/01/% - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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LiMO, + C = Li, MO, + Li,C
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Fig. 1. Voltage limitation of present day lithium-ion battery technology.

lithium (Foote mineral) was press fitted to the substrates.
These lithium electrodes were used as counter electrodes for
half-cells measurements.

2.1.2. The C—C composite electrode

The C-C composite was obtained from MER Corpora-
tion. Some of the characteristics of C-C composite are
shown in Table 1. The in-plane and cross-sectional views
of the C-C composite are shown in Fig. 2(a) and (b),
respectively. Fig. 3 shows a comparison of the X-ray dif-
fraction patterns of the C—C composite with graphite. The
C-C composite is composed of disordered carbon fiber.
The composite plate was cut to the required dimensions
(25mm x 35 mm for half-cells and 50 mm x 62.5mm to
130mm x 190 mm for lithium-ion cells) and nickel foil
was riveted to one edge of the plates. The resulting C-C
electrodes with these nickel tabs were used as working
electrodes for half-cells and anodes for lithium-ion cell
studies.

(a)

Table 1

Characteristics of the C—C composite

Characteristics Value
Surface area (m> gh 0.19
Density (g ml™") 1.6
Flexural strength (MPa) 45-50
Tensile strength (MPa) 155-160
Compressive strength (MPa) 45-50
Thermal conductivity (W mK™") 550-650
Coefficient of thermal expansion (ppm °C™") -1.7
Volume resistivity (uQ2 cm) 250

2.1.3. The LiCoO; electrode

A slurry of 85% LiCoO, (FMC Corporation), 7% carbon
black (Chevron Chemical Corporation), and 8% poly(viny-
lidene fluoride), PVDF (Aldrich) was prepared in 1-methyl
2-pyrrolidinone, NMP (Aldrich) and coated on a 40 pm
thick aluminum substrate The coated substrate was dried
over hot air. It was then cut to the size of the positive
electrodes (50mm X 62.5mm to 130mm x 190 mm) with
attached tabs for lithium-ion cells. The resulting positive
electrodes were pressed, vacuum dried and stored in a
desiccator prior to use.

3. Development of cells
3.1. Half-cells

Half-cells were made according to the following config-
uration: lithium electrode (Li)/separator (S)/C—C composite
electrode (C)/separator (S)/lithium electrode (Li).

The C-C composite electrode was bagged using Celgard
2400 separator. The bagged working electrode was then

(b

Fig. 2. SEM images of C—C composite (a) in-plane, (b) cross-section.
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Fig. 3. X-ray diffraction patterns of C-C composite and of graphite.

sandwiched in between two metallic lithium counter elec-
trodes. The electrode stack assembly then wrapped around
with a solvent-resistant adhesive tape so that the position of
the electrodes remained in place. The two counter electrode
tabs were spot-welded together. The resistance between the
counter electrodes and the working electrode was measured
to insure that the stack was not electronically shorted.

The stack assembly was then placed in between a three-
layer white plastic packaging material (Shield Pack Inc.) and
sealed along three edges of the stack leaving open the end
opposite to the electrode tabs. The sealed stack was then
vacuumed and filled with a measured amount of 1 M LiPF¢
electrolyte in a mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) (1:1 v/v) obtained from Grant
Chemicals. The other end of the cell was then sealed. All
these operations were carried out in a glove box
(H,O < 1 ppm). The seal of the plastic bag was checked
several times prior to taken out from the glove box for
electrochemical measurements.

3.2. Complete lithium-ion cells

Prismatic lithium-ion pouch cells were made with two
LiCoO, cathodes and a C—C composite anode in 1 M LiPFg

electrolyte in EC/DMC (1:1 v/v). Fig. 4 shows the pouch cell
design. The cell configuration was as follows: one-sided
cathode (C/2)/separator (S)/C-C composite anode (A)/
separator (S)/one-sided cathode (C/2).

The fabrication procedure of the lithium-ion pouch cells
was the same as that of the half-cells described in clause 3.1.
A prototype lithium-ion pouch cell of 1 Ah capacity is
shown in Fig. 5.

4. Electrochemical measurements
4.1. On half-cells

The electrochemical measurements of the half-cells were
carried out using an Arbin 24-channel cycler. The half-cells
were first discharged at a constant current of 0.5 mA cm ™ to
0.005V and then at a constant voltage (0.005 V) until
residual current dropped to 0.05 mA cm ™2 The cells were
then charged at a constant current of 0.5 mA cm ™2 to a cut-
off voltage of 1.0 V. The half-cells were discharged and
charged for several times until a fairly constant value of
charge capacity was obtained. The difference between the

first discharge capacity and charge capacity provides the




8 S. Hossain et al./Journal of Power Sources 96 (2001) 5-13

Al-Tab

One-Side
Cathode

C-C Composite
/ Anode

Ni-Tab

One-Side
Cathode

Al-Tab

Lithium —ion
Pouch Cell

Ni-Tab

Sealing Area

Fig. 4. Schematic diagram of a lithium-ion pouch cell based on C~C
composite.

information on irreversible capacity loss of the C—C com-
posite working electrode.

4.2. On lithium-ion cells

The lithium-ion pouch cells were “formed” according to
the following procedure: the cells were first charged at a
constant current of 0.5mA cm 2 to 4.2V and then at a
constant voltage (4.2 V) for a total period of 8 h or until the
current dropped to a value of 0.05 mA c¢m ™2 The cells were
then discharged at a constant current of 0.5 mA cm™> to a
cut-off voltage of 2.5 V. The charge-discharge process was
continued for several (usually 2-5) times until fairly con-
stant values of charge—discharge capacities were obtained.
The “formed” cells were then used for performance evalua-
tion. The difference between the first charge capacity and
discharge capacity also provides the information on irrever-
sible capacity loss of the lithium-ion cell.

5. Results and discussion

Several half-cells, made with C-C composite working
electrode and lithium metal counter electrode, were used to
investigate the intercalation and de-intercalation behavior of
lithium-ions within the composite electrode. Based on the
half-cell results, a number of lithium-ion pouch cells were
built and their performance characteristics were evaluated.
The results are discussed below.

5.1. Intercalation/de-intercalation of lithium ions

Fig. 6 shows a representative plot for the first discharge
(intercalation) charge (de-intercalation) characteristics of

Fig. 5. Prototype 1 Ah lithium-ion pouch cell.
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the C-C composite electrode against the lithium counter
electrode. The first discharge and charge capacities due to
lithinm ions intercalation and de-intercalation correspond to
342 and 332 mAh g~! of C—C composite, respectively. The
irreversible capacity loss is, therefore, <3%. This value of
irreversible capacity loss is significantly lower than that
obtained from the best commercial carbon (MCMB 2528)
used by the lithium-ion battery industry. The low irreversible
capacity loss is most probably related to the low surface
area, absence of binder, carbon black and foreign materials,
and little or no surface functional groups within the C-C
composite.

The half-cell was cycled for four more times (see Fig. 7)
to determine the specific reversible capacity and cycling
efficiency of the C-C composite. An average reversible
capacity of 335 mAh g~ was obtained at 0.5 mA cm™?
with a Coulombic efficiency of 0.995 for the 2nd cycle,
0.994 for the 3rd cycle, 1.000 for the 4th cycle, and 0.998 for
the 5th cycle, respectively. It is noteworthy to mention that
the cell made with the C—C composite delivered a Coulom-
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Fig. 7. First five discharge—charge curves of C-C composite at

-2

05mAcm™ in I M LiPFg electrolyte (EC:DMC 1:1 v/v). Counter
electrode: Li.

bic efficiency of more than 0.99 after completing only one
discharge—charge cycle.

5.2. Overdischarge

Present state-of-the-art lithium-ion batteries need an over-
discharge protection circuit. Overdischarge (discharge
below 2.5 V) causes dissolution of the copper that is used
as an anode substrate, and degrades cell performance.

One of the most important characteristics of C—C com-
posite based lithium-ion cells is the ability to accept repeated
overdischarge without performance deterioration. Fig. 8
represents a plot of repeated overdischarge. The cell was
discharged at a constant current of 30 mA to —1.0 V. For the
first two cycles, the cell was charged to 4.1 V and for the last
two cycles, the charge voltage was 4.2 V. The capacities
delivered during overdischarge are 180, 179, 193, and
193 mAbh for the cycles 14, respectively. In C-C composite
based lithium-ion cell, C—C composite is the substrate and
the active sites for electrochemical reaction.

5.3. Overcharge

Another important feature of C-C composite based
lithium-ion battery technology is its tolerance of overcharge.
Overcharge is one of the most important safety concerns of
present state-of-the-art lithium-ion batteries. Overcharge
causes metallic lithium to deposit on the anode, solvent
decomposition, sharp rise in temperature, and ultimately
thermal run away of the battery. To protect from overcharge,
the lithium-ion battery industry uses a number of safety
devices, such as overcharge protection circuits, positive
temperature coefficient resistors, pressure sensitive rupture
disks, temperature sensitive separators, etc.

Fig. 9 shows the voltage and temperature response of a
fully charged cell (full capacity is 1 Ah) during overcharge
at a constant current of 300 mA for 4 h followed by rest on
open-circuit for 1 h. The temperature change recorded was
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Fig. 8. Charge-overdischarge behavior of a lithium-ion cell based on C-C composite. Cathode: LiCoO,; electrolyte: 1 M LiPF in EC/DMC (1:1 v/v).

the outside body temperature of the cell. The voltage of the
overcharged cell dropped sharply to about 4.7 V during rest
period. During overcharge, the cell voltage went up mono-
tonically to 4.8 Vand then at a relatively higher rate to 5.7 V
indicating that lithium-ion transfer was the dominant pro-
cess initially, which was overtaken by the solvent decom-
position after 4.8 V. There was an insignificant increase in
cell temperature during overcharge.

5.4. Overcharge/overdischarge

Several lithium-ion cells made with the C—-C composite
anode were repeatedly overcharged and overdischarged. A
representative plot is shown in Fig. 10. The cell was over-
charged to 4.5 V and overdischarged to —1.0 V. The over-
charged capacities were 240, 235, 235, and 235 mAh for

cycles 14, respectively. The corresponding. overdischarge
capacities were 230, 225, 225, and 225 mAbh, respectively.
The Coulombic efficiency under these overcharge/over-
discharge conditions was 0.96.

5.5. Cycle life

The capacity fade of lithium-ion cells on cycling is mostly
associated with the increase in impedance of electrodes.
During the charge—discharge processes, expansion and con-
traction of the electrodes occur. The mechanical integrity of
the electrodes plays an important role in minimizing the
capacity fade.

The cycling behavior of a C-C composite based lithium-
ion cell at 20°C is shown in Fig. 11. The cell was discharged
at a constant current of C/5 and charged at the same constant
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Fig. 9. Voltage and temperature responses during overcharge followed by open-circuit of an 1 Ah lithium-ion cell. Cathode: LiCoO,; electrolyte: 1 M LiPFy

in EC/DMC (1:1 v/v).
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Fig. 10. Repeated overcharge—overdischarge behavior of a lithium-ion cell based on C—C composite. Cathode: LiCoO»; electrolyte: 1 M LiPFs in EC/DMC

(1:1 viv).

110

100 -

20

80

Capacity (%)

70

60

50 ; \

100 200

300 400 500 600

Cycle Number

Fig. 11. Cycling behavior at C/5 rate of a lithium-ion cell based on C-C composite. Cathode: LiCoQ,; electrolyte: 1 M LiPFs in EC/DMC (1:1 v/v).

current rate to 4.2 V and then at constant voltage (4.2 V) for
3 h or until the residual current dropped to C/50. The cell
delivered over 550 cycles with <10% capacity loss. The high
cycle life is associated with the strong mechanical integrity
of C-C composite electrode.

5.6. Self-discharge

The self-discharge characteristics of lithium-ion cells,
made with C-C composite and also with commercially
available MCMB 2528 graphite, were investigated at ambi-
ent temperature. After being fully charged, the cells were
stored on open-circuit for 1 month (720 h). and the decay of
voltage recorded. Fig. 12 compares the voltage decay of two
representative cells. A voltage drop of only 10 mV was
observed for C-C composite based cell whereas for MCMB
2528 based lithium-ion cell a voltage drop of 60 mV was
observed after this 1 month of storage.

The stored cells were then discharged to compare the
delivered capacity before and after storage. Fig. 13 shows
the discharge characteristics and compares the self-dis-
charge behavior of the cell made with C—C composite.
The cell lost about 2% capacity after storage for 1 month.
The cell with MCMB 2528 carbon shows about 8% capacity
loss after storage for 1 month. The low self-discharge
behavior of C-C composite based lithium-ion cell is prob-
ably related to the low surface area of C-C composite,
absence of binder, carbon black and foreign materials,
and relatively little or no surface functional groups.

5.7. Safety and abuse tests

A number of safety and abuse tests have been catried out
on fully charged C-C composite based 1 Ah lithium-ion
cells. The cells were cycled at least 50 times prior to the
safety tests. The test results summarized in Table 2.
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The enhanced safety of C—C composite based lithium-ion
cells is related to the fact that the composition of anode in a
fully charged cell is LiC;, (substrate is C-C composite
which is also available for lithium-ion intercalation). This
compound is much less reactive than LiCg that is formed in
the conventional graphite based lithium-ion cells. During
overcharge, the anode composition of C-C composite based

Table 2

Safety and abuse test results

Test Results

Overdischarge No performance degradation

Overcharge
External short-circuit
Internal short-circuit (nail penetration)

No fumes, fire, or explosion
No fumes, fire, or explosion
No fumes, fire, or explosion

cell becomes LiC,, where x is <12, but >6. Also, there is no
deposition of metallic lithium.

On the other hand, metallic lithium deposits on the
graphite or carbon based anode of commercial lithium-
ion cells if they are overcharged. So, the use of C-C
composite as anodes for lithium-ion batteries allows exten-
sion both of performance and safety limit boundaries.

6. Conclusion
Carbon-carbon (C-C) composite has been investigated as
an anode for lithium-ion batteries. The C-C composite

offers many advantages, such as:

e High reversible capacity and very low irreversible capa-
city loss.
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o Anode substrate is carbon — no dissolution of substrate
during overcharge.

e Substrate and lithium intercalation sites are indistinguish-
able — can act as lithium-ion sink during overcharge.

o In the charged state, lithium-ions are present as less
reactive LiC, rather than highly reactive LiCs.

e Strong mechanical integrity provides high cycle life.

e Low self-discharge associated with high compression,
low surface area, and absence of binder, carbon black,
and foreign materials.

e High thermal conductivity can provide ease of thermal
management for high capacity, high voltage batteries.

The C-C composite can, therefore, be considered as a
strong candidate for the anodes of lithium-ion batteries.
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Abstract

An attempt was made to synthesise PVdF-based polymer electrolytes containing 1:1 EC:PC plasticiser in various salts such as LiAsFg,
LiPFs and LiBF, at different ratios using PVAF as homopolymer. Though, having a high ionic conductivity, certain films were found to be
fragile, an indication of poor mechanical strength. Therefore, PVAF-PVC blend polymers were prepared using different ratios of PVdF—
PVC as well as with different amounts of plasticiser mixture. Film characterisation was attempted using XRD, DSC, impedance and
conductivity measurements. A particular combination of PVdF-PVC in the ratio 25:5 was observed to have high ionic conductivity and
good mechanical strength. The electrochemical stability and the stability of lithium—polymer interface of the prepared polymer electrolytes
were checked in terms of charge—discharge and impedance studies. Effect of storage time and cyclability are discussed. © 2001 Elsevier
Science B.V. All rights reserved.

Keywords: Electrolytes/PVAF-PVC polymer; PVdF polymer; Ionic conductivity

1. Introduction

With the advent of lithium-ion battery technology [1],
aiming for higher output voltages became the next target to
be hit in the field of rechargeable lithium batteries.

However, further development of lithium-ion batteries
paved the way for the entry of lithium-ion conducting
polymer electrolytes in which the conventional non-aqueous
electrolyte is immobilised by a polymer matrix [2]. Different
polymer matrices and processes are proposed in the litera-
ture [3-6]. The concept of gel electrolytes with a high ionic
conductivity and mechanical strength came in to existence
as early as 1975s [7-9]. In this regard, host polymers for the
gel electrolytes, such as poly acrylonitrile [10,11], poly
methylmethacrylate [9,10], poly ethylene oxide [12], poly
vinylidene fluoride [13] and a co-polymer of vinylidene
fluoride with hexa fluoro propylene (PVAF-HFP) [14-17]
have been identified as promising cathodes, because they
possess high ionic conductivity and good stability.

Of late, PVAF as homopolymer and related co-polymers
or blends of PVdF-based polymer electrolytes are gaining
popularity, because of their high degree of flexibility, added
to other meritorious properties viz. high room temperature
conductivity, dimensional stability etc.

) Corresponding author.
E-mail address: rthirunakaran@usda.net (R. Thirunakaran).

In this paper, polymer film electrolytes were made up of
PVdF homopolymer and a blend of PVdF-PVC with a range
of lithium salts viz. LiAsFg, LiPFs or LiBF, and using
EC + PC as a common plasticiser. Optimisation of these
polymer electrolytes were carried out in terms of the amount
of polymer, plasticiser and the quantity of lithium salt
required to prepare polymer films of sufficient mechanical
strength and conductivity.

2. Experimental
2.1. Preparation of PVAF gel electrolyte films

A mixture of PVAF (Aldrich, average molecular weight
ca. 5,340,000), high purity EC + PC (1:1) and the lithium
salt (LiBF, or LiPF¢ or LiAsFs) was heated in order to cast
the film with the required properties. EC (Merck-Schu-
chardt) and PC (Fluka AG) were distilled using the usual
procedures and kept under an argon atmosphere.

In detail, the calculated amount of a 1:1 mixture of
EC +PC and the respective lithium salt such as LiBF,
(Merck-Schuchardt), LiPFg (Across Organics) or LiAsFg
(Merck-Schuchardt) were weighed individually into a Pyrex
bottles. An appropriate amount of PVdF in tetrahydrofuran
(THF) was heated to 160-175°C with stirring for 1 h to
ensure complete dissolution. To the hot solution, was added

0378-7753/01/$ ~ see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Fig. 1. Composition diagrams of: (a) PVdF-EC + PC-Li saits (lower); (b)
PVAF:PVC-EC + PC-Li salts (upper).

the mixture of plasticiser (EC + PC) and the corresponding
lithium salt. The solution was further heated with continued
stirring to get an homogenous and viscous solution. The
resultant viscous solution was poured over glass plates and
adjusted for uniform thickness using doctor blades. The cast
film was dried in a vacuum oven at 50°C for about 24 h.
Solvent free stable films of uniform thickness (100 pm) were
obtained, which were characterised later.

Fig. 1a shows the range of compositions that were prepared.

2.2. Preparation of PVAF-PVC blend electrolyte films

A similar procedure was adopted. To the polymer mix of
selected ratios of PVAF-PVC, individual lithium salts
(LiAsFg, LiPF4 or LiBF,) were added with 1:1 EC +PC
as a common plasticiser. The films were dried in a vacuum
oven at 50°C for 24 h and all the films were then found to be
stable and solvent free.

Fig. 1b shows the range of compositions that were prepared.

2.3. Preparation of composite cathode

High purity LiCoO,, graphite and the gel polymer elec-
trolyte, containing plasticiser and lithium salt, were mixed in

65:10:25 ratio under hot conditions and blended thoroughly.
The paste was coated over aluminium foil, the thickness
adjusted to 75 pm and dried in a vacuum oven at 116°C for
24 h.

2.4. Characterisation studies

The free-standing films were subjected to X-ray diffrac-
tion analysis using a Jeol 8030 X-ray diffractometer with a
nickel filtered Cu Ko radiation.

Thermal stabilities of PVAF powder and the resultant
PVdF-based polymer electrolytes were studied using differ-
ential scanning calorimetry (DSC-SEIKO, TA Station SSC-
5000 series). The samples were heated at 300°C from room
temperature at a rate of 10°C min~".

Conductivity measurements were made on an electroche-
mical impedance analyser (EG&G PAAR, model no. 263 A,
lock in amplifier, model no. 5210). The conductivity of the
polymer films was measured using a two-electrode cell
configuration, constructed from a brass body housing,
20 mm in diameter stainless steel electrodes. The electrodes
were screwed into the cell, sandwiching the polymer film
between them. The fully assembled cell was connected for
room temperature conductivity measurements. The impe-
dance spectrum was obtained using test cells fabricated with
the polymer films against lithium metal on both the sides.
The impedance spectrum was run between the frequency
range of 1 Hz—100 kHz at room temperature and the corre-
sponding Nyquist plots were recorded.

Charge—discharge studies were carried out with a test cell
containing a Li/polymer electrolyte/composite LiCoO, cath-
ode assembly at room temperature using a constant current
of 0.1 mA. The electrochemical interface stability of the
polymer electrolytes were measured as a function of impe-
dance over a range of storage periods.

3. Results and discussion

The polymer electrolyte films which had been prepared
were examined for homogeneity, stability and ease of pre-
paration.

3.1. Dimensional stability

The dimensional stabilities observed from the PVdF films
are given in Table 1. From the table, it is evident that the
higher polymer content is required to get dimensionally
stable PVdF films. Though homogeneity was observed
invariably for all the ratios, the films with >25% of PVdF
were found to be better, based on the stability point of view.
Generally, viscosity of the electrolyte depends upon the
weight ratio of polymer, plasticiser and the lithium salt
[14]. Evidently, the viscosity of the polymer electrolytes
involved in the present investigation favours the addition of
the lowest possible amount of lithium salt to have the
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Table 1
Dimensional stability of PVdF polymer electrolyte films
Name PVAF:EC + PC:Li salt Condition
PVdF (BF,) 20:70:10 Fragile

25:65:10 Fragile

30:60:10 Stable

35:55:10 Stable

(b)

PVdF (PF;) 20:70:10 Fragile "

25:65:10 Fragile =

30:60:10 Stable 2

35:55:10 Stable ‘E’ (a)
PVdF (AsFg) 20:70:10 Fragile ;

25:65:10 Fragile ’a"

30:60:10 Stable S

35:55:10 Stable b

PVdF
optimum viscosity for the formation as well as the free- L L L L L
p Y 10 20 30 40 50 60

standing nature of the polymer film.

The amount of lithium salt to be added has been carried
out as a separate study and the results will be published
elsewhere [18]. Based upon the results of the study, the
concentration of lithjum salts was fixed as 10% throughout,
irrespective of the nature of the salt added and the type of
polymer material employed. Subsequently, gel polymer
electrolytes containing 30 and 35% polymer along with
10% LiBF, or LiPFg or LiAsFg were identified for good
dimensional stability, homogeneity and free standing nature
of the film.

A similar analysis was carried out on PVAF-PVC elec-
trolytes, see Table 2. These were also found to be interesting,
as all the films cast with 2.5-10% PVC in the blend along
with 20-27.5% PVdF were found to be dimensionally stable
but the ratio 15:15 (PVdF:PVC) was found to be brittle
(Table 2). Thus, the optimisation of polymer electrolytes can
be summarised as: an addition of 30-35% PVdF for a
homopolymer and an addition of 20-27.5% PVdF with
2.5-10% PVC for PVdF-PVC blend polymer electrolyte
is recommended from the dimensional stability standpoint.

Table 2
Dimensional stability of PVdF-PVC polymer electrolyte films

File name PVdF PVC EC + PC Lisalt Condition
PVJdF-PVC (BF,) 15 15 60 10 Brittle
20 10 60 10 Free-standing
25 5 60 10 Free-standing
275 25 60 10 Free-standing
PVAF-PVC (PFs) 15 15 60 10 Brittle
20 10 60 10 Free-standing
25 5 60 10 Free-standing
27.5 25 60 10 Free-standing
PVAF-PVC (AsFs) 15 15 60 10 Brittle
20 10 60 10 Free-standing
25 5 60 10 Free-standing
275 25 60 10 Free-standing

20/ (degree)

Fig. 2. X-ray diffraction patterns for: (a) 30% PVdF-60% EC + PC-10%
LiAsF; film; (b) 35% PVdF-55% EC + PC-10% LiAsFg film.

3.2. X-ray diffraction

X-ray diffraction studies were carried out on the stable
films and the results observed are shown in Fig. 2.

XRD patterns of the composition, 30% PVdF, 60%
EC + PC, 10% lithium salt and that of 35% PVdF, 55%
EC + PC, 10% lithium salt are shown in Fig. 2a and b,
respectively.

PVdF, which is highly crystalline by nature, has been
modified into the amorphous form in the gel electrolyte, due
to the addition of EC + PC and lithium salts. The addition of
plasticiser and lithium salt has definitely induced significant
disorder into the polymer structure giving a polymer elec-
trolyte of much lower crystallinity [19], which is quite
obvious from the broad diffraction peak centred at
20 = 19.8°. This is evidence that the polymers apparently
undergo structural reorganisation, caused by the swelling
process due to the addition of plasticiser and lithium salt.

Similarly, the broad peak centred at 26 = 20.2° for
PVAF-PVC blend electrolytes (Fig. 3) also confirmed the
intimately bound polymer matrix, which has homogeneity
and amorphicity, caused mainly by the plasticiser addition.
Among the three blended electrolytes, the degree of amor-
phicity was found to be better for 25:5 and 20:10 ratio of
PVdAF-PVC than for the 27.5:2.5 ratio.

3.3. Differential scanning calorimetry

The DSC data of PVAF and PVdF-PVC blend polymer
electrolytes are reproduced in Figs. 4 and 5. An exothermic
peak observed between 150-175°C corresponds to the melt-
ing point of PVdF. However, the broad exothermic peaks
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Fig. 3. X-ray diffraction patterns for: (a) 20:10% PVdF:PVC-60%
EC + PC-10% LiAsFq film; (b) 25:5% PVdF:PVC-60% EC + PC-10% |

LiAsFg film; (c) 27.5:2.5% PVAF:PVC-60% EC + PC~10% LiAsF film.

corresponding to the boiling points of EC and PC are not
found in either of the types of polymer electrolytes, an
indication that the disappearance of the phase transition
of EC + PC is due to the formation of segments of polymer
chain (14). Also, the polymer electrolytes exhibited a broad
peak at a slightly elevated temperature, which is in favour of
the formation of segments of polymer chain with lithium
salts resulted from the swelling induced by the addition of

(b)

(a)

PVdF

1 L 1 L
0 75 150 225 300

Temperature (*°C)

Fig. 4. Differential scanning calorimetry curves of: (a) 30% PVdF-60%
EC + PC-10% LiAsF; film; (b) 35% PVdF-55% EC + PC-10% LiAsFg
film.

1 ! L 1
0 75 150 225 300
Temperature (*C)

Fig. 5. Differential scanning calorimetry curves of: (a) 20:10%
PVdF:PVC-60% EC + PC-10% LiAsF¢ film; (b) 25:5% PVdF:PVC-
60% EC+PC-10% LiAsFe film; (c) 27.5:2.5% PVAF:PVC-60%
EC + PC-10%LiAsFg film.

60% EC + PC. Thus, the crystallinity of PVdF has been
reduced very much by an optimal addition of 60% EC + PC
in both the PVdF and PVdF-PVC blend type of polymer
electrolytes.

3.4. Electrical conductivity

The conductivity data for the PVAF and the PVdF-PVC
electrolytes are summarised in Table 3. Conductivity of the
polymer electrolytes, which is determined as a function of
weight ratio of polymer to plasticiser, favours the addition of
a lesser amount of polymer material. On the other hand, a
higher value of the weight ratio increases the mechanical
strength, lowers the mobility of charge carriers and results in
the reduced conductivity of the polymer electrolytes. There-
fore, a combination of a slightly lower amount of polymer
and a slightly higher amount of plasticiser are expected to
give better results as far as conductivity measurements are
concerned. Interestingly, the observed values of conductivity
of both PVAF and the blend type PVAF-PVC polymer
electrolytes are in good agreement with the expected trend,
i.e. among the two stable PVAF polymer electrolyte films,
the one due to 30% PVAF with 60% EC 4 PC showed better
conductivity than the film made up of 35% PVdF with 55%
EC + PC. However, the other two films viz. 20 and 25%
PVdF were not taken in to consideration for conductivity
measurements, as they were found to be fragile in nature.

Similarly, among the dimensionally stable PVdF-PVC
polymer films, the one with 25:5 ratio of PVdF-PVC with
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Table 3 -300
Room temperature conductivity of some PVdF and PVdF-PVC polymer -
electrolytes®
-240
Sample  PVdF PVC EC + PC Lisalt Conductivity
(Sem™")
1 30 - 60 10 (LiBF,)  0.00034 ) -180
2 35 - 55 10 (LiBF,)  0.00029 E
3 30 - 60 10 (LiPFs) . 0.00047 9
4 35 - 55 10 (LiPFy)  0.00040 =5-120
5 30 - 60 10 (LiAsFs)  0.00066 ™
6 35 - 55 10 (LiAsFg) 0.00059
' 20 10 60 10 (LiBF,;)  0.00028 - 60
2 25 5 60 10 (LiBF;)  0.00040
3 215 2.5 60 10 (LiBF,)  0.00034 0 Ras "ll_bggtled D
4 20 10 60 10 (LiPF)  0.00048
5 25 5 60 10 (LiPFy)  0.00060 c & 120 180 240 300
6 275 25 60 10 (LiPF)  0.00056 (a) Z' kohms
7 20 10 60 10 (LiAsFy) 0.00062
8 25 5 60 10 (LiAsFg) 0.00086 -300
9 275 25 60 10 (LiAsFg) 0.00080 n
* Compositions expressed as weight percents. 22401
60% EC + PC was found to exhibit higher conductivity, 180
irrespective of the type of the lithium salt used. Although, E
addition of increasing amounts of PVC increases the 2 10
mechanical stability, it reduces the conductivity values. This Y
is quite obvious from the brittle nature of the 15:15 PVdF—
PVC film and the lower conductivity values of 20:10 PVdF- -60
PVC with respect to the 27.5:2.5 and 25:5% PVAF-PVC
films. However, the conductivity of the polymer electrolyte 0 o L L
with 27.5:2.5 PVAF-PVC is slightly less than the conduc- 0 60 120 180 240 300
tivity of 25:5 PVdF-PVC electrolyte, which may be corre- )
(b) Z',kohms

lated to the less amorphicity of the former with respect to the
latter. Also, LiAsFg was found to exhibit the maximum
conductivity rather than LiBF, or LiPFg, irrespective of
the nature of the polymer and the amount of plasticiser used.

3.5. Impedance studies

The passivation that occurs at the lithium interface in the
gel polymer electrolytes has been studied by monitoring the
impedance behaviour of a symmetrical cell that was kept on
open circuit for various periods i.e. 24, 72 h and 1 week. A
gradual increase in the impedance values was noted (Fig. 6a
and b) which is in accordance with the model proposed by
Alamgir and Abraham [5]. It is seen from the figures that the
Ry, value remains below 5 kQ, during the entire period of
storage, thus accounts for the prolonged stability of the
polymer. However, the increase in R; value noted for both
the PVdF and PVdF-PVC polymer electrolytes can be
correlated to the growth of passivation film formed due to
the reaction of lithium with the polymer electrolyte.

3.6. Charge—discharge studies

Electrochemical characterisation with charge-discharge
studies were performed using a test cell containing lithium

Fig. 6. (a) Impedance changes after storage of Li/PVAF/Li cells; (b)
impedance changes after storage of Li/PVdF-PVC/Li cells.

6-00
1,2,5,10 —= PVdF ~ EC+PC-LiAsFg
525 1'2' 6" 10' — PVdF: PVC - EC+PC-LiAsFg
450
3.75
:>: 3.00 AN 'R
& Yo 5 1052 21 71
8
S 225
>
1.50 -
075 ! L 1 |

| | 1
0 20 40 60 80 100 120 140
Capacity (mAh)

Fig. 7. Discharges from Ist, 2nd, 5th and 10th cycle of a Li/polymer
electrolyte/LiCoO, cell.
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as anode, a composite LiCoO, as cathode and the prepared
polymer electrolytes of both types. The charge—discharge
efficiency agrees with the better retention of capacity of both
PVdF and PVAF-PVC types of polymer electrolytes found
during cycling. An efficiency of not less than 60% was
observed for PVF electrolytes and an efficiency of around
70% was maintained by the PVAF-PVC blend type of
electrolytes (Fig. 7) after 10 cycles. Similarly, the impe-
dance of the as fabricated cells (Li/polymer electrolyte/
LiCo0,) and the cells after 1, 5 and 10 cycles are shown
in Fig. 8a and b.

The decrease in impedance with cycling supports the
supposition that the passivating film (formed due to the
reaction of lithium with the polymer electrolyte) is being
removed and thereby the surface of lithium is subsequently

-300
1 - As tabricated
2 -1st cycle
- L 3 - 5th cycle
250 4 = 10th cycle
1
-200 - 2
0 3
E 150}
£ 4
:N"
-100 |-
-50 |-
0 L i L | |
0 50 100 150 200 250 300
(a) Z', kohms
-250+ 1~ As fabricated
2 - 1st cycie
3- 5th cycle
~200 . 4 - 10th cycle
2
£ -150}- 3
£
o 4
N 100+
-50}F
0 1 ] 1 I 1
0 50 100 150 200 250
(b) Z', kohms

Fig. 8. (a) Variation of impedance with cycle number for a Li/PVdF/
LiCoO; cell; (b) variation of impedance with cycle number for a Li/PVdF-
PVC/LiCoO; cell.

being renewed. These preliminary observations suggest that
PVAF-PVC blend polymer electrolytes seem to be more
promising than the homopolymer PVdF electrolytes.

4, Conclusions

Homopolymers-containing PVdF require 30-35% of
polymer to get a solvent free film of sufficient stability.
Alternatively, a combination of 25% PVdF with 5% PVC
along with 20 or 27.5% PVdF with 10 and 2.5% PVC,
respectively gave better formation of films. Among the stable
films of both the categories, films with 60% EC+ PC
favoured better conductivity, lower resistance and higher
thermal stability. Similarly, LiAsF¢ gave better results than
LiBF, and LiPFg, irrespective of the nature of the polymer
and the amount of plasticiser used for casting the films.

A combination of 30% PVdF with 60% EC + PC and
10% LiAsFg and 25:5 (PVdF-PVC) with 60% EC + PC and
10% LiAsFg performed better than the rest of the films.

PVAF-PVC blend polymer electrolytes exhibited
improved cycling behaviour rather than the PVAF polymer
electrolytes.
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Abstract

By thermogravimetric analysis, impedance spectroscopy and potentiodynamic cycling, the thermal and electrochemical stability of
polymer electrolytes based on PVC and its chlorinated derivatives have been studied. The methods used to modify the properties of these
polymeric electrolytes and to provide them with electrochemical stability when used in lithium batteries where the cathode is based on
natural, nanostructured, and thermally-sprayed pyrite have been demonstrated. © 2001 Published by Elsevier Science B.V.

Keywords: Lithium batteries/polymer electrolyte; Gel polymer electrolytes; Aprotic solvents; Pyrites

1. Introduction

Electrolyte systems such as polymer—aprotic solvent—
lithium salt have a high conductivity at room temperature
(~107 to 107* Q' em™") [1,2]. Due to the simplicity of
preparation and the use of accessible reagents in the systems
described, such gel-polymer electrolytes (GPE) are promis-
ing for rechargeable lithium batteries.

Investigation of the conductivity of these systems and
understanding of its mechanism are of great importance.
GPE conductivity depends on lithium ion mobility in the
intermolecular space of the polymer matrix of the electro-
lyte. It is due to a high mobility of the high-molecular
compound segments. The mobility is determined both by
the character of its chemical structure and the availability of
alow-boiling aprotic solvent in GPE. In this case, the solvent
also serves as a plasticizing additive. At the same time, one
can find the data in some references, concerning a specific
interaction between lithium salt and the functional groups of
the polymer matrix, e.g. C-O-C in polyethylene oxide, and
its structural analogues [3], —CN in polyacrylonitrile [4]

*Corresponding author. Tel.: +380-562-47-03-91;
fax: +380-562-47-0391.
E-mail address: shembel @onil.dp.ua (E.M. Shembel).
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which also makes its contribution to the conductivity of the
electrolyte.

An amorphous polymer structure [5] is preferable for
good conductivity. This creates an increased interest in the
application of amorphous polyacrylonitrile [4], polymethyl-
metacrylate [6] or low-crystalline polymers, e.g. polyvi-
nylchloride [7,8].

In spite of the literature data concerning the application of
PVC-based GPE [9] in lithium batteries, investigators are
interested in thermal and electrochemical stability of the
base system [10].

The comparatively low stability of GPE based upon PVC
and many other polymers is due to a variety of reasons.

In the process of battery fabrication, chemical and electro-
chemical reactions are possible within the polymer electrolyte,
resulting in the degradation of the electrolyte components. A
high chemical activity of metallic lithium [11] and oxidizer
(cathode material) [12], favours these reactions.

Salts and various metal compounds occurring acciden-
tally or as specially introduced additives in polymers or in
the base materials can have basically different influences on
the decomposition process of the polymer materials. Li™,
Fe*", Fe?* ions are known [13,14] to be active dechlorina-
tion agents for PVC and its derivatives.

Besides the cation influence, in some cases F—, C1~, Br™,
I", CIO,~, SO, anions and others [14] can accelerate the
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thermal decomposition of PVC. Destruction by anions and
cations depends significantly on the state of the plastic. In
aprotic solvents, e.g. DMF, chlorides of alkali metals dis-
sociate with the formation of strongly basic Cl~ ions,
catalyzing the decomposition process of PVC [15].

Rate of chemical reactions increase with rising tempera-
ture. The effect of high temperatures on GPE is possible if an
elevated temperature technological process is used for its
fabrication, e.g. in drying, when polymer electrolyte is
produced from solutions {2], as well as in the case of
GPE production by the extrusion method [16], or during
battery operation.

In this work, we investigated the influence of lithium salts
on the thermal and electrochemical stability of GPE based
on chlorinated polyvinylchloride for the Li-FeS, battery.
The method of PVC chlorination has been developed at our
laboratory. Earlier [17] we have shown that PVC chlorina-
tion results in amorphization of its structure and increased
conductivity of the polymer.

2. Experimental
2.1. Preparation of polymer electrolytes

Chlorinated polyvinylchloride (CI-PVC) was obtained
under laboratory conditions by heterogeneous chlorination
of a PVC suspension in CCl,.

Polymer films were formed on a glass sheet from a
solution of the components (polymer, aprotic solvents,
lithium salts and additives) in tetrahydrofuran. The films
were dried for 24 h at room temperature and then at 48 h in
vacuum at 45°C.

LiClO, (Iodobrom, Saki, Ukraine), LiBF,, LiPF¢
(Advance Research Chemicals, Inc., USA), LiCF3S0;
(Aldrich), were used as electrolyte salts. PC was obtained
from Angarsk Chemical Reagents Plant, Angarsk, Russia.

2.2. Thermogravimetric analysis (TGA)

Thermal stability of polymer electrolytes has been inves-
tigated on a thermogravimetric analyzer Q-1500 (Hungary),
at 5 K min~! heating rate with a 200 mg sample.Polymer
compositions formed as films from THF by the method
described in Section 2.1, were investigated.

2.3. IR spectroscopy

IR spectra of the polymer blends were recorded by a spectro-
photometer SPECORD 75IR. The investigations were carried
out within the wavelength range from 400 to 3800 pm.

2.4. Measurements of conductivity

The measurements of the conductivity of GPE films were
performed by impedance spectroscopy on the symmetrical

system: Ni-GPE-Ni over the frequency range of 0.08-
200 kHz. This was done in an atmosphere of dry argon
within a Teflon cell. Ionic conductivity of GPE was calcu-
lated from the data for the total resistance R, of the electro-
lyte, measured from the intersection of the high frequency
part of the hodograph with the abscissa.

2.5. Impedance measurements

Impedance measurements of symmetrical Li-Li cells (in
the atmosphere of dry argon in a Teflon cell) or asymmetrical
Li—Fe$S, (in 2525 button cells) were carried out with the help
of ac bridge P5021 over the frequency range 0.08-200 kHz
using a series circuit of the measured values R; and Ci.
The hodographs 1/wCs — R have the shape of slightly
depressed semicircles.

2.6. Potentiodynamic measurements

Potentiodynamic cycling was performed in a Teflon cell
with three electrodes in the atmosphere of argon. Reference
and auxiliary electrodes were made of lithium. For the
investigation of the background potentiodynamic character-
istics of the polymer electrolyte, a platinum plate served as a
working electrode. The electrodes, made from the different
samples of pyrite, were used in studying the kinetics of the
cathodic reduction of FeS,.

Electrode potential sweeps were performed with a poten-
tiostat PI-50-1,1 and programmer PR-8. Scan rate ranged
from 1 x 1073 to 1 x 107* V s™'. The curves were regis-
tered on a two-coordinate recorder PDA-1 within the poten-
tial range 0.8-4.8 V in the case of platinum electrode and
1.1-2.8 V with pyrite electrodes.

2.7. Preparation of cathode materials

Natural, nanostructured, and thermal-sprayed pyrites
(pyrite) were used as cathode materials. Nanostructured
and thermally-sprayed pyrite was produced by the unique
technology of US Nanocorporation®, USA.

Natural pyrite was ball-milled, then sieved. The fraction
with a particle size less than 40 pm was used as the active
cathode material. Before cathode preparation in mass, the
pyrite was washed with boiling water up to neutrality of the
washing water, then it was dried at 250°C for 4 h. Natural
pyrite, carbon black and graphite in the required mass ratio
were thoroughly stirred in a ceramic mortar.

Thirty-three percent by weight of fluoroplastic binder
F4D mixed with 1.1 ethanol (96%): distilled water was
added to the above composition and mixed in a mortar,
then dried at 100°C for 6 h. The cathode mass so prepared
was then ready for use. Cathodes based on nanostructured
pyrite were prepared similarly.

Thermally-sprayed pyrite was produced by US Nano-
corp., USA, using a dc plasma arc gun. Samples of ther-
mally-sprayed pyrite were obtained by plasma spraying of
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pyrite onto a stainless steel substrate. The thickness of these
electrode films ranged from 83.7-212 um. The porosity of
the films was 50%.

2.8. Preparation of a prototype battery

The cathode mass was wetted with heptane and then
deposited by a putty knife onto a degreased stainless steel
grid-current collector that had been welded to the bottom of
the case of a 2525 cell. The assembly was then dried at
100°C for 1 h.

Cell assembly was performed in an atmosphere of dry
argon by placing in layers: a cathode, GPE film and metal
lithium. The cell was then sealed.

3. Results and discussion
3.1. Thermal stability

The influence of PC and LiClO, on the thermal stability of
chlorinated polyvinylchloride is shown in Fig. 1.

Mass loss in chlorinated polyvinylchloride and in the
composition CI-PVC:PC begins at 105°C. At this tempera-
ture, the quantity of the volatile components lost is ~1%.

The following substances can serve as the volatile com-
ponents:

o Residues of a solvent in the GPE, which is known from the
previous work [4] to be partially removed from gelatinous
GPE during drying.

o Chemically bound water.

We have carried out a comparative analysis of IR spectra
of CI-PVC films obtained under the normal conditions,
givenin Section 2.1, and after preliminary thermal treatment
at 90°C for 5 h.

Am, %

Fig. 1. Mass loss of polymer material samples during thermal oxidation:
(1) CI-PVC; (2) CI-PVC:PC (1:5); (3) CI-PVC:PC:LiCIO, (1:5:0.42); (4)
CI-PVC:PC:LiClO,:FeS, (1:5:0.42:0.3). Mass ratio of the components are
given in brackets.

Transmission, %
B

1200 1000 800
Wavelength, im

Fig. 2. IR-spectra of THF (1) and CI-PVC films (2 and 3) obtained from
solutions in tetrahydrofuran. Films dried for 24 h at room temperature and
48 h in vacuum at 45°C; (2) for 24 h at room temperature, 48 h in vacuum
at 45°C, finally (3) for 5 h at 90°C.

For the thermally treated films, a decrease in the intensity
of absorption bands is observed at 1075 and 905 pm These
bands correspond to the asymmetric oscillations of a tetra-
hydrofuran ring and the oscillations of C-O-C group
(Fig. 2). According to the thermogravimetric investigation
data, the thermal oxidative destruction of CI-PVC begins at a
temperature higher than 220°C. Therefore, the changes in IR
spectra after thermal treatment can correspond only to the
process of the forced removal of solvent residue from the Cl-
PVC films when heated above the boiling temperature of
THE.

In accordance with a weight analysis, we have determined
that GPE films dried under the standard conditions contain
7-8% of THF.

The IR spectra of the polymer materials Cl-PVC,
CI-PVC:PC and CI-PVC:PC:LiClO, the presence of a wide
maximum at 3400-3450 um, being a characteristic feature,
confirmed the presence of water in the samples.
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Fig. 3. Effect of the type of lithium salt on the thermal stability of
chlorinated polyvinylchloride: (1) CI-PVC; (2) CI-PVC:LiClO, (1:0.42);
(3) C1-PVCLiCF;S0; (1:0.6); (4) CI-PVC:LiBF, (1:0.38). Mass ratio of
the components are given in brackets.

With increasing temperature, the above samples show
different behaviour. With the initial polymer, a 3% mass loss
occurs at 220°C, but for its plasticized product it occurs at
145°C. Such behaviour of the plasticized system can be
explained by the start of PC decomposition and the evapora-
tion of its decomposition products [18].

Introduction of LiClO, into the system, sharply decreases
the stability of the polymer composition (Fig. 1, curve 3).
This confirms the catalytic effect of this salt on the thermal
destruction of CI-PVC.

The presence of natural pyrite in gel-electrolyte does not
significantly affect the behaviour of the polymer electrolyte,
comprising CI-PVC:PC:LiClOy, at temperatures up to 50°C.

In Fig. 3 the influence of the nature of the lithium salt
on the thermal stability of C1-PVC is shown. All of them
act as a catalyst for the decomposition of CI-PVC. Their
effect on CI-PVC decomposition increases in a series of

LiCF;S0; ~ LiClO, < LiBFj. In this connection, introdu-

1/w+C, Ohm

200

400 ° i \
: 1

Table 1
Conductivity at 25°C of GPE films based on chlorinated polyvinylchloride

Sample  Electrolyte Mass Conductivity® g (S cm )
ratio
0 days 1 day 5 days
1 CIl-PVC:PC:LiClO, 1:5:042 0.045 0.050 0.060
CI-PVC:PC:LiBF, 1:5:0.38 0.065 0.065 0.056
3 CI-PVC:PC:LiCF;SO; 1:5:0.6  0.032 0.032 0.030

2 Thickness of GPE films is 0.5 mm.

cing stabilizing additives in the polymer electrolyte is very
important. The effect of stabilizing additives is discussed
later.

3.2. Conductivity of polymer electrolytes

In Table 1 the results of the measurements of the con-
ductivity of GPE films at 25°C are presented. Except for the
LiClO4-based electrolyte where a certain increase in con-
ductivity is observed, it is clear that, after storage for 5 days,
conductivity is practically unchanged.

It should be noted that the conductivity of GPE based on
chlorinated polyvinylchloride is the same as for the tradi-
tional liquid systems [10] and depends on the nature of
lithjum salts used as solutes. For these electrolytes, con-

ductivity rises in the sequence: LiCF3SO; ~ LiClO4 <
LiBFj.

3.3. Impedance measurements

Analysis of the impedance curves of the symmetrical
system Li/GPE/Li shows that for the GPE based on PVC
and CI-PVC, hodographs take the forms typical of those
from traditional liquid systems (Fig. 4). The CI-PVC-based
GPE is characterized by a lower resistance of passivating
films on lithium surfaces as compared with PVC. It is
evidence of the higher PVC reactivity relative to lithium

1/+C, Ohm

501

(1] 200 400 600 800

a)

R. Ohm

b)

Fig. 4. Impedance characteristics of Li-Li system with GPE: (a) PVC:PC:LiClO, (1:5:0.42); (b) CI-PVC:PC:LiClO, (1:5 :0.42). Numbers by curves indicate

ageing time in days.
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anodes, than when its chlorinated derivative is used as a
polymer matrix.

The results obtained correlate well with the supposition
stated earlier [10] about possible lithium passivation by
polyvinylchloride in the electrolyte comprising PVC:EC/
PC:LiClO,.

In [10] the authors consider that the interaction between
PVC and lithium in GPE compositions results in the for-
mation of an inorganic surface layer, comprising LiCl. In
this case, the resistance of the lithium anode was noted to
depend significantly on the nature of the lithium salt nature
GPE. GPEs containing LiPFs and LiBF, showed higher
reactivity relative to lithium than ones containing LiClO,.
The authors explained this fact by the higher reactivity of
LiPFg and LiBF, than LiClO, against lithium.

In our opinion, such a significant rise of lithium hydride
(LiH) formation can be promoted by the catalytic effect of
LiPF¢ and LiBF, on the process of PVC dehydrochlorination
and, correspondingly, on the formation of LiH. Evidently,
presence of the latter gives rise to a high resistance for the
system. Note that such an effect is not observed during
investigations of liquid systems.

It can be also supposed that halide ions in the CI-PVC
system activate the passivating film on a lithium surface. The
effect of halide ions on the properties of the lithium/non-
aqueous electrolyte interface has been reported. For exam-
ple, when PC:LiBr solutions were compared with
PC:LiClIO, ones [19]. Nevertheless, in the case of polymer
systems, the influence cannot be so evident and requires
additional investigations, in as much as halide derivative-
based polymers are widely used in lithium nonaqueous
systems.Impedance of the asymmetrical system Li/GPE/
FeS, is complicated by a possible interaction between the
polymer system and the oxidizer — FeS,. In [12] we have

shown how the impedance of the nonaqueous system com-
prising the polymer based on the organosilicone derivatives
of polyvinylpyridine changes in of the presence of the
different cathode materials MnO- and FeS,.

InFig. 5, the impedance of the system Li/GPE/FeS,, using
as an active substance, the highly reactive nanostructured
pyrite from US Nanocorp., is shown. Earlier we mentioned
that in the presence of pyrite, data on the thermal decom-
position of the polymer system (Fig. 1) was unavailable.
However, comparing Figs. 4 and 5, one can see that with
pyrite, as compared with the system comprising only Li/
GPE/Li, the impedance becomes distorted, and the system
resistance increases.

Impedance degradation can have at least two causes. The
properties of the film formed on a cathode surface at its
interaction with the components of polymer electrolyte
change. These result in an increase in the parameters of
impedance “semicircles”. The resistance itself also changes
with interelectrode spacing, i.e. the specific resistance of the
electrolyte changes. This change is reflected by an increase
in the length cut-off by the hodograph on an abscissa axis
within the high frequency range. The degradation effect is
stronger in the PVC-based system (Fig. 5a). When Cl-PVC
is used in the asymmetrical system, the resistance value of
passivating films on electrode materials and that of GPE in
interelectrode spacing are lower as compared with PVC-
based system (Fig. 5b).

3.4. Potentiodynamic investigations

In Fig. 6 the ground potentiodynamic curve of polymer
electrolyte on platinum electrode is shown. The polymer
electrolyte based on CI-PVC is stable enough within the
potential range of 0.8—4.5 V.

1/6C.Ohm
500
1/ C.Ohm
a0 | 150 |
300
100 |
200
50 f
100 |
0 100 200 300 400 500 600 700 0 50 100 150 200 R,Ohm
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Fig. 5. Impedance hodographs of Li-FeS, (US Nanocorp.) system with GPE: (a) PVC:PC:LiClO, (1:5:0.42); (b) CI-PVC:PC:LiClO, (1 :5:0.42). FeS, content
in cathode is 70%. Electrode area = 1.45 cm®. Numbers by curves indicate ageing time in days.




E.M. Shembel et al./Journal of Power Sources 96 (2001) 20-28 25

I, uA

2.0

1.0

Lo

2.0

08 1.2 1.6 2.0 24 2.8

32 36 40 44 48 E, V(Li+/Li)

Fig. 6. Background potentiodynamic curve on Pt electrode in polymer electrolyte CI-PVC:PC:LiClO,4 (1:5:0.42). Electrode area = 7.8 x 1073 cm?,

Thus, the electrolytes developed appear to be promising
for rechargeable power sources, with the different operating
voltage of: 4.0 V (LiMn,0y), 3.0 V. (MnOy,), 1.5 V (FeS,).
As noted above, this work is devoted to Li-FeS, system with
the operating voltage of 1.5 V.

In Figs. 7-9 the results of the potentiodynamic investiga-
tions carried out on the film of thermally sprayed pyrite are

I, mA

12
16
20
24

28

32 E,V
1.3 2.1 29

Fig. 7. Cyclic voltammogram of thermally sprayed FeS, in a liquid
electrolyte: PC:DME (3:1): 1 M LiClO,. Scan rate: 5 x 1075 Vs~'. FeS,
area = 8 cm®. Thickness of FeS, film is 146.7 um.

presented. Characteristics obtained in liquid and polymer
electrolytes have been compared. In Fig. 7 it is seen that in
liquid electrolyte, FeS, films are irreversibly reduced cath-
odically.

The second potentiodynamic curve practically reduces to
the background curve observed with inert platinum electro-
des.

With a polymer electrolyte, the thermally-sprayed pyrite
cycled reversibly (Fig. 8). In the electrolyte containing
LiBF,, during the first cycles the peak value decreases
slightly, and then becomes stable. In the LiPF, electrolyte,
the current value is less; however, stabilization occurs during
the first few cycles.

In the LiCF;SOs-based electrolyte (Fig. 9), the character
of the potentiodynamic curves is different — in the cathodic
region, the area occupied by the curve is larger than in
anodic one. This could be evidence of the participation of the
polymer electrolyte components in the electrochemical pro-
cess. At the same time, cathode peaks increasing from cycle-
to-cycle can be caused by the gradual change in volume of an
active cathode. Thus, the potentiodynamic investigations
have shown the prospects for application of a new electro-
chemical system based on the polymer electrolyte and the
films of thermal sprayed pyrite as these latter are reversibly
cycleable at room temperature.

3.5. Prototype batteries

Here are presented the results of galvanostatic cycling of
cells with a polymer electrolyte and the cathode based on
natural pyrite. We have suggested above the possibility of
PVC dechlorination resulting from its interaction with metal
lithium. To increase PVC stability we used additives capable
of inhibiting its dehydrochlorination.

The cycling results of a system without modifying addi-
tive in the electrolyte (Fig. 10) and the electrolyte compris-
ing this additive (Figs. 11 and 12) have been compared.

In the absence of modifying additive, significant capacity
loss occurs during the first five cycles (Fig. 10).
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Fig. 8. Cyclic voltammograms of thermally sprayed FeS, in polymer electrolytes: (a) CI-PVC:PC:LiBFE, (1:5:0.38); (b) CIl-PVC:PC:LiPF; (1:5:0.61). FeS>
area is 8 cm”. Scan rate: 5 x 1074 V s~'. Thickness of FeS, film is 150 pm (a) and 212 pm (b).
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Fig. 9. Cyclic voltammograms of thermally sprayed FeS; in polymer electrolyte CI-PVC:PC:LiCF5SO; (1:5:0.6). FeS, area = 8 cm?. Thickness of FeS, film

is 83.7 um.

A quite different situation is observed whilst testing GPE
with the same composition (Figs. 11 and 12) but with a
modifying additive. After the 50th cycle, the discharge
capacity of the system becomes stable at a rather high level.

In the case of a polymer electrolyte based on CI-PVC, the
system is stable enough during cycling even without stabi-
lizing additive (Fig. 13).

The nature of the lithium salt influences the discharge
characteristics of the Li-FeS, system. The maximum capa-
city value has been obtained with GPE containing
LiCF;S0;. At the 80th cycle, the discharge capacity was
about 400 mAh g~ '. When LiClO, or LiBF, was used in the
GPE, by the 50th cycle, the discharge capacity was only
180-200 mAh g™,

The comparatively fast decrease in capacity and the low
values for the system comprising GPE with LiBF, can be
explained by the high reactivity of the salt with lithium [10]
and its catalytic ability to decompose polyvinylchloride
during the charge/discharge process.

Fig. 10. Change of charge/discharge characteristics of the system Li-FeS,
with a nonmodified GPE comprising PVC:PC:LiCF3SO: (1:5:0.3).
Content of natural FeS, in cathode is 10% (carbon black, graphite and
binding are the remaining components). Liischarge = 0.1 MA, Lipgrge =
0.02 mA. Labels on curves correspond to cycle numbers.




E.M. Shembel et al./Journal of Power Sources 96 (2001) 20-28 27
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Fig. 11. Discharge characteristics of the system Li-FeS, with a GPE comprising PVC:PC:LiCF3S03 (1:5:0.3) and modifying additive. Content of natural
FeS, in cathode is 10%. Igischarge = 0.1 MA, Lenaree = 0.02 mA. Labels on curves correspond to cycle numbers.

Q, mAh/g

cycle number

Fig. 12. Change of specific capacity during cycling for the Li-FeS,
system with a GPE comprising PVC:PC:LiCF;50; (1:5:0.3) and
modifying additive. Content of natural FeS; in cathode is 10%.
Liischaree = 0.1 mA, Icpyree = 0.02 mA.

In the case of LiClOy, such an analogy cannot be drawn.
To obtain the data concerning the probable degradation
mechanism of GPE based on C1-PVC and containing LiClO4
additional investigations are needed.
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Fig. 13. Influence of the type of salt in the C1-PVC polymer electrolyte on
the discharge characteristics of Li-FeS, cells (size 2325): (1) Cl-
PVC:PC:LiCF;80; (1:5:0.3); (2) CI-PVC:PC:LiBF, (1:5:0.19); (3) Cl-
PVC:PC:LiClO, (1:5:0.21). Content of natural FeS, in cathode is 10%.
Idischurge =0.1mA, Ichargc = 0.02 mA.

4. Conclusions

A gel polymer electrolyte based on chlorinated PVC
for use with Li and FeS, in secondary cells operating
at room temperature has been developed and investi-
gated.

The characteristic feature of this GPE is higher electro-
chemical stability as compared with polyvinylchloride.

Successful application of polymer electrolytes based on
PVC is possible by applying stabilizing additives to increase
the electrochemical stability of the electrolyte.
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Abstract

Improved interfacial resistance was observed in lithium cells by the use of new additives. The additives, nitrile sucrose and nitrile
cellulose and their lithium salts, were evaluated in polyvinylidene difluoride (PVDF) thin-film gelled electrolytes containing a mixture of
ethylene carbonate (EC) and diethyl carbonate (DEC). The electrochemical properties of the films with and without the additives were
measured as a function of temperature and compared. The interfacial resistance (R;,) of the films with the additives was significantly lower
than that without the additives, especially at sub-ambient temperatures. For example, the R;, at —20°C for the films with additives was
around 7000 € cm? and that for the fitms without the additives was >20,000 Q cm?. Results obtained from using the additives in lithium-ion
(Li-ion) cells show significant improvements in the low frequency resistance of the cells. © 2001 Published by Elsevier Science B.V.

Keywords: Lithium-ion cells; Electrolyte additives; Interfacial resistances

1. Introduction

In recent years rechargeable lithium-ion (Li-ion) batteries
(also called “rocking chair”, “shuttlecock” or ‘“‘swing
electrode”) containing either organic liquid electrolytes
or gelled electrolytes are being extensively investigated as
commercial power sources because they offer higher energy
per unit weight and volume than nickel-based batteries such
as Ni/Cd or Ni/MH [1]. Further, the self-discharge rate of Li-
ion batteries is low — about 2% of capacity per month —
compared to 15% for Ni/Cd and 25% for Ni/MH. Because of
these potential advantages, Li-ion batteries are being inves-
tigated for a number of applications including electric
vehicle (EV), space, military and commercial. In commer-
cial Li-ion cells, coke or graphite is used as the anode and
LiCoO, is used as the cathode. The specific capacity is
372 mAh g~! for the anode and ~140 mAh g~ ! for the
cathode. New higher capacity metal-based anodes [2] and
mixed-oxide cathode materials (for example LiNi; _,Co,0,)
[3] are being developed for use in Li-ion batteries to increase
the delivered energy in order to meet the ever increasing
power demands of the digital revolution. Further, new low
temperature electrolytes [4] and shutdown separators are
being investigated for extending the low-temperature per-
formance and safety, respectively, of the batteries. However,
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in large part, the impedance behavior, which impacts the
electrical performance of Li-ion cells, has been overlooked.
No thorough and systematic studies have been reported in
the literature on the impedance characteristics of Li-ion
cells.

We at Sandia National Laboratories have published sev-
eral papers on the impedance behavior of Li-ion cells [5-7].
Our studies indicate the following.

1. The ohmic resistance of a Li-ion cell remains low and
nearly constant between —20 and 35°C.

2. The total cell impedance increases by an order of
magnitude at —20°C.

3. The increase in cell impedance comes mostly from the
cathode—electrolyte interface.

Exploring ways to reduce interfacial resistance (Ri,) is
paramount since the much-touted benefits of Li-ion cells
over Ni/Cd and Ni/MH will not be realized at sub-ambient
temperatures. Our impedance studies underscore the impor-
tance of a very low interfacial resistance for high power
applications. Especially at sub-ambient temperatures (say
—20°C) the effect of R;, will be much more pronounced than
at elevated temperatures. Even the state-of-the-art non-aqu-
eous electrolytes such as propylene carbonate (PC)/diethyl
carbonate (DEC) and ethylene carbonate (EC)/dimethyl
carbonate (DMC) which are currently being used in the
Li-ion commercial cells, show unacceptable R;, values
especially at sub-ambient temperatures. In some instances
R;, values as high as 500 Q cm?® have been reported [8].
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Primarily, the bulk electrolyte resistance and R;, dictate
the deliverable power of the battery. Over the years, many
different approaches have been successfully made to
1mpr0ve the bulk ionic conductivity of the electrolyte to
>107* S cm™ ' at room temperature. For example, one of the
approaches involves immobilizing organic liquid electro-
Iytes in an electrochemically inactive host polymer (these
are called gelled electrolytes), such as polyacrylonitrile
(PAN) [8] and polyvinylidene fluoride (PVDF) [9]. This
is commendable since it permits the use of thicker electro-
lyte films without the inherent problems of pin holes and
insufficient mechanical stability that are associated with
thinner electrolyte films. However, the R;,, which acts in
series with the bulk electrolyte resistance, is not optimized,
which severely impedes the realizable power. Further, no
studies aimed at reducing the R;, have been reported in the
literature.

At Sandia National Laboratories we made a systematic
attempt to reduce the R;, of the state-of-the-art electrolytes
by small quantities of additives. These additives include
nitrile sucrose (SUCN) and nitrile cellulose. These are
saturated cyclic compounds with functional groups that
are known to be stable toward lithium and their lithium
salts. These additives are inexpensive, non-hazardous, and
stable up to at least 200°C. More importantly they dissolve
in common organic solvents. This paper describes the
syntheses of lithium salts of the additives, fubrication of
thin film PVDF-based gelled electrolytes with and without
the additives, and discusses results of electrochemical stu-
dies.

2. Experimental

2.1. Syntheses of the lithium salts of nitrile sucrose
and nitrile cellulose

The precursor chemicals were purchased, respectively,
from Polysciences, Inc. and from K&K Rare and Fine
Chemicals. Only battery grade chemicals were used in this
study. These additives have, respectively, six nitrile-groups
and eight nitrile-groups per molecule. The salt Li,SUCN
was formed by putting 1.08 g of SUCN into a 100 ml round
bottom two-necked flask within a glove box. To this was
added 50 ml of tetrahydrofuran (THF) at room temperature
and the mixture was stirred well. The flask was tightly sealed
and taken out of the glove box, cooled to 0°C in an ice bath
and 2.8 ml of n-butyl lithium was injected through a septum.
The solution was stirred for 2 h, the ice bath was removed
and again stirred overnight. The solvent was pumped off
leaving behind a bright yellow deposit. The flask was taken
into the glove box and the yellow powder collected. The
composition of the yellow powder was confirmed to be
Li,SUCN. A similar procedure was employed for the synth-
eses of other lithium salts and the weights of the chemicals
were adjusted appropriately.

Structure  of nitrile sucrose (general formula:
(C12H1403)-(OCH,CH,CN)g), a viscous liquid at room
temperature is given.
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2.2. Preparation of PVDF-gelled electrolyte

The solvents EC, PC, and DEC were purchased from
Mitsubishi Chemicals, Japan and the LiPF4 was purchased
from Hashimoto, Japan.

EC was mixed with DEC (1/1, v/v) or with PC (1/1, v/v)
and LiPFs was added to the solution mixture at room
temperature at 1 M concentration. The preparation and
the composition of PVDF-based gelled films are given
below.

An amount of 1 g of PVDF (2801) was dissolved in about
15 ml of methyl ethyl ketone (MEK) at ~40°C and the
solution was cooled to room temperature before adding 2 g
of the electrolyte solution. The mixture was vigorously
stirred for a couple of hours before either doctor-blading
or pouring the entire solution in a Teflon mold. The MEK
was allowed to evaporate slowly overnight. The films were
vacuum pumped at 40°C for a day before making electro-
chemical measurements, to obtain bulk and interfacial prop-
erties. A similar procedure was followed for making PVDF-
gelled films containing the additives. About 0.1 g of the
additive was added to 10 g of the liquid electrolyte and 2 g of
this solution was added to 1 g of PVDF already dissolved in
MEK.

In the films that contain the lithium salt of the additive, the
concentration of Li™ is higher than 1 M. In order to make a
meaningful comparison of the electrochemical properties
the Li™ concentration in other films and electrolytes was
adjusted appropriately. Electrochemical measurements were
made on these films as well as on the liquid electrolytes. A
standard Princeton Applied Research electrochemical ac
impedance system described elsewhere was used to measure
the electrochemical properties.

3. Results and discussion

Before we studied these additives in PVDF-based gelled
electrolytes we studied them as additives in liquid electro-
lytes. In this paper we report our findings on the use of these
materials as additives in the following.
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1. EC + DEC + 1 M LiPF.
2. PVDF-based gelled electrolyte containing the above
organic liquid electrolyte.

Results are only given for nitrile sucrose as the cellulose
analog gave almost identical results.

For ac measurements, a symmetrical cell was used. The
electrolyte was sandwiched between two smooth, freshly
cut, lithium foils. Stainless steel (SS) foil was used as current
collector [i.e. SS/Li//Electrolyte//Li/SS]. The cell assembly
was vacuum sealed in a polyethylene laminated aluminum
bag. For dc measurements, the electrolyte was sandwiched
between two well-polished SS foils [i.e. SS//Electrolyte//SS]
(blocking contact) and the cell assembly was also vacuum-
sealed. For the solution studies, similar electrode assemblies
were used but were assembled within airtight glass cells.

3.1. Ac results

A small amplitude ac signal of V,_p, = 1 mV was used
over the frequency regime 60 kHz to 0.1 Hz. From the
NyQuist plot, both the ohmic and the interfacial charge
transfer resistance of the liquid electrolytes and PVDF-based
gelled electrolytes with and without the additives were
measured and are given in Table 1.

These data indicate that, while the additive does not affect
the bulk conductivity, (this is almost the same) the interfacial
resistance is significantly reduced. In the case of the liquid
electrolyte, the reduction in R;, is ~33% and in the case of
the PVDF-gelled electrolyte the reduction is ~20%. At
lower temperatures, the reduction in R;, by the additive is
very significant. For example, at —20°C the R;, for the
PVDF-based gelled electrolytes with and without additives
are 7092 and 20,340 Q cm?, respectively — an improvement
of ~66%.

3.2. Dc results

A wide potential window is a must for these polymers
where they have to be used in conjunction with high voltage
cathodes. To evaluate the effect of the additives on the
voltage window of the electrolytes we measured the window
using dc cyclic voltammetry. The studies were made on
PVDF-based gelled films sandwiched between two SS
electrodes (blocking contacts). The dc results are given in
Table 2.

Table 1
Conductivity and R, of the electrolytes with and without additive at room
temperature

Electrolyte ¢ (Sem™) R, (Q cm?)

26 x 1072 189
EC + PC + LiPRs + Li,SUCN 27 x 1072 125
PVDF + EC + PC + LiPFs 1.7 x 1073 80
PVDE + EC + PC + LiPF + Li,SUCN 1.9 x 107° 60

EC + PC + LiPFg

Table 2
Comparison of dc current flows at 0 and 5V (vs. Li*/Li) for PVDF-gelled
films with and without additives at —20, 25 and 50°C

Temperature Without additive With additive
(4o (RA cm™) (LA cm™)
AtOV At5V At0OV At5V
-20 1.7 0.87 2.2 1.3
25 104 4.5 12.5 5.5
50 294 6.9 215 6.9

The currents are compared at 0 and 5 V versus Li*/Li for
three different temperatures, for the two films.The current
flowing through the cell at the two extreme potentials for the
cells is comparable, which suggests that the additives do not
alter the potential window of the electrolyte.

4. Impedance studies on 18650 lithium coin cells

We have constructed Li-ion coin cells with and without
additives in their electrolyte.

The results from impedance measurements on 18650 Li-
ion cells clearly indicate that the interfacial resistance
dominates the cell impedance, especially at sub-ambient
temperatures. While the ohmic resistance remains nearly
constant in this temperature (—20 to 25°C) range the low
frequency resistance, which is mostly the electrode/electro-
lyte charge transfer resistance, increases by approximately
15 times for the same temperature range.

5. Impedance studies on gelled electrolytes

Impedance measurements were made on gelled polymer
electrolyte systems. In Table 3 are shown resistance values
for the PVDF/EC/PC/LiPF¢ gelled system without the addi-
tives. The polymer film was sandwiched between two oxide-
free Li electrodes. The low frequency resistance is higher
than the ohmic resistance.

Resistance values for films with additives are given in
Table 4.

As in results reported earlier in this paper, the perfor-
mance improvements from the two additives, nitrile sucrose
and nitrile cellulose, were similar.

Table 3
The ohmic and low frequency resistances for PVDF-gelled electrolyte
without additives

Temperature Ohmic Low frequency
°C) resistance (Q) resistance (Q)
25 0.077 5.24
10 0.359 17.69
0 0.434 49.56
-10 0.801 170.5
—20 1.220 565
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Table 4
Ohmic and low frequency resistances for PVDF-gelled electrolyte with
additives

Temperature Ohmic Low frequency
°C) resistance (Q) resistance (Q)
25 0.079 347
10 0.718 8.75
0 1.041 19.86
-10 1.983 63.5
-20 3.470 197

6. Impedance studies on 18650 lithium coin cells

We have constructed Li-ion coin cells with and without
additives in their electrolyte.

The results from impedance measurements on 18650 Li-
ion cells clearly indicate that the interfacial resistance
dominates the cell impedance, especially at sub-ambient
temperatures. While the ohmic resistance remains nearly
constant in this temperature range (—20 to 25°C) the low
frequency resistance, which is mostly the electrode/electro-
lyte charge transfer resistance, increases by approximately
15 times for the same temperature range.

7. Conclusions

We studied the electrochemical properties of EC + PC
+LiPFg liquid electrolyte and PVDF-based gelled electro-
Iytes with and without additives. We have studied nitrile
cellulose and nitrile sucrose and their lithium salts as
additives. These additives are off-the-shelf and inexpensive
chemicals. They are thermally stable to above the shutdown

temperature of the separators. These additives improved the
interfacial properties of the electrolytes contacting metallic
lithium and did not affect the bulk properties of the electro-
lyte. Further, the additives did not alter the voltage window
of the electrolytes. The improvement in the interfacial
properties by the additives is significant at lower tempera-
tures compared to at room temperature.
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Abstract

The evolution of seven generations of power sources for implantable cardioverter defibrillators (ICD) is presented. The packaging
efficiency of the power sources has steadily increased, resulting in smaller, lighter batteries while maintaining the required electrical
characteristics. The main areas for improvement were reduction of headspace volume, reduction of separator volume, and a change from a

two-cell battery to a single cell. © 2001 Published by Elsevier Science B.V.

Keywords: Applications/medical defibrillators; Lithium/silver vanadium oxide batteries

1. Introduction

Implantable cardioverter defibrillators (ICDs) are devices
that treat very fast, and potentially lethal, cardiac arrhyth-
mias. Implanted in the chest, these devices continuously
monitor the heart’s electrical signals and sense when the
heart is beating dangerously fast. Within about 5-10 s, they
deliver one or more electric shocks to return the heart to a
normal rthythm These shocks may range from a few micro-
joules to very powerful shocks of 25-40 J. The ICD is also
capable of delivering continuous low-energy stimuli like a
cardiac pacemaker.

The ICD battery must meet stringent requirements. To
charge the capacitors that deliver the defibrillation shock, the
battery must be capable of delivering about 50 J within about
5-10 s. A high-area electrode design is needed to meet this
requirement. The battery must also deliver a continuous low
current drain on the order of microamperes, and last for
about 5-10 years. The performance of the battery must be
highly predictable so that there is adequate warning before it
is depleted. Finally, the battery must be very small so the
ICD can be as small and comfortable as possible. Typical
requirements for batteries for ICDs appear in Table 1.

Lithium/silver vanadium oxide batteries provide the high
power, high energy density, and long-term stability required
for ICDs and are the only type of battery used in ICDs today.
They were invented about 20 years ago, and have continu-
ously improved since then [1-14]. There are two distinct
types of silver vanadium oxide (SVO) in use today. DSVO is
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synthesized at about 380°C by the decomposition reaction in
Eq. (1) [1,2]. CSVO is synthesized at about 500°C by the
simple combination reaction shown in Eq. (2) [3].

2 AgNO; + 2V,05 — Ag, V4O + nitrogen oxides €))
AgZO +2V,05 — Ag2V4011 2)

Lithium/SVO batteries have a distinctive discharge curve
with two plateaus, one at 3.24 V and another at 2.6 V. Fig. 1
shows the open-circuit voltage and area-normalized internal
resistance of Li/Li,Ag,V40,; as a function of x (using
CSVO). Studies have shown that between x =0 and 2
metallic silver appears in the CSVO cathode [15,16]. The
appearance of metallic silver is associated with a decrease in
the internal resistance of a Li/CSVO cell, as seen in Fig. 1. In
this paper, the composition LgsAg>V40;, will be considered
as the fully discharged material. This composition corre-
sponds to reduction of Ag™ to Ag? and reduction of V3t to
V**. In order to maintain low times for charging the output
capacitors of an ICD in practical use, batteries are not
generally discharged to this degree of lithiation.

Until recently all ICDs were powered by two cells con-
nected in series, doubling the voltage shown in Fig. 1. The
circuitry used to power the device and to charge the capa-
citors has been improved so that many ICDs are now
powered by a single cell. This change has greatly reduced
the volume of the battery by reducing the volume of
encasement material and other inactive components.

Two mechanical configurations have been described pre-
viously for Li/SVO batteries used in ICDs, one consisting of
a multi-plate cathode and a lithium metal anode wound
through the multi-plate cathode in a serpentine manner [6],
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Table 1

Requirements for batteries for implantable cardioverter—defibrillators

Battery requirement Comments

Power Must be capable of operating for several years at a background power of 50-100 pW. In addition, must be capable
of delivering 50-70 J pulses at a power greater than 4-10 W at any time on demand without delay

Energy Typically about 20 kJ (5.56 Wh)

End-of-service indicator A measurable battery parameter, such as voltage or resistance which indicates the need to replace the device

Size Minimum size is required for ease of implant and patient comfort

Predictability Long-term performance must be readily predictable from short-term data in order to project device longevity
accurately

Reliability The highest possible reliability is required for this life-saving application

Safety The highest possible level of safety is required to protect the patient and medical personnel as well as

manufacturing personnel who handle batteries
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Fig. 1. Open-circuit potential and internal dc resistance of Li,Ag,V,0, (Li/CSVO) battery as a function of the extent of lithiation, x. The discharge curve is
divided into four regions, where Region 1 is flat and extends from x = 0 to 2; Region 2 slopes and extends from x = 2 to 3; Region 3 is flat and extends from

x =3 to 5; Region 4 slopes and extends from x = 5 to 6.

the other consisting of a coiled electrode design. The designs
described in this paper are all based on the coiled electrode
configuration. Single strips of anode and cathode are wound
into a flattened coil and inserted into a prismatic case.

A materials balance design model for high-rate, liquid
electrolyte primary lithium batteries has been described
[17]. This model consists of four equations that define the
volumetric constraint, the electrode balance, the electrolyte
requirement and the electrode loading. Solving the equations
using matrix methods gives the anode and cathode capa-
cities, the volume of electrolyte, and the dimensions of the
electrodes. The lithium/CSVO batteries described in this
paper, constructed according to this materials balance
model, show consistent, predictable performance from
design to design, despite wide variation in battery capacity,
electrode loading and current density. A predictive model of
battery voltage and resistance has been developed for these
batteries [18].

1.1. Battery construction-general
Batteries were assembled in hermetically sealed stainless

steel cans with a lithium metal anode and an electrolyte
consisting of 1 M LiAsFg in a 1:1 mixture by volume of

propylene carbonate and 1,2-dimethoxyethane. The shape of
the cans was usually a rectangular prism, but in Design VI
one end of the cell was given a full radius, resulting in a
“mailbox” shape. The cathodes were fabricated by mixing
silver vanadium oxide (Ag,V,40;,) with carbon and poly-
tetrafluoroethylene then pressing onto a titanium mesh
current collector [6]. The anodes were lithium metal pressed
onto a nickel current collector. The anode and cathode were
each encased in polypropylene separator, giving two layers
of separator between the electrodes. The feedthrough con-
sisted of a niobium wire within Ta23 glass. CSVO was
synthesized as described in [1-3]. In all cell designs, the
electrodes were wound together in a flattened coil. The
designs were all case-negative. The electrode capacities,
electrolyte volume, and electrode dimensions for each bat-
tery were calculated using the method in [18].

2. Design variants and their evolution

2.1. General description of design

The design of the ICD batteries is depicted in Fig. 2A and
B. Fig. 2A is a cross-sectional view of the battery showing
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Anode

Cathode

Insulator

Case

B

Fig. 2. A cross-section view of the coiled electrode configuration (A). An assembly view of a typical battery with the cover and electrode coil partially

removed showing the attachments in the headspace (B).

the coiled electrodes. The electrodes are wound into a
flattened coil that fits the dimensions of the rectangular
prismatic case. The polypropylene separator, which encases
both electrodes, is not shown in this figure. Fig. 2B is an
assembly view showing the connections of the electrodes to
the feedthrough and case. The titanium current collector of
the cathode is welded to the niobium feedthrough pin. The
feedthrough is insulated with Ta23 glass. The nickel current
collector of the anode is welded to the case wall. The case is
lined with an insulator, except in areas close to the case-to-
cover weld and the weld of the anode current collector to the
case. The space between the top of the coil and the inside of
the cover is termed the headspace. This volume is used to
make connections to the electrodes while keeping features of

opposite polarity insulated from each other. The shapes of
the batteries are illustrated in Fig. 3. Characteristics of seven
designs are shown in Table 2.

The designs progress chronologically from left to right,
showing improvements in volumetric efficiency with time.
For medical devices such as the ICD, volumetric efficiency
is considered more important than gravimetric efficiency,
provided the device does not become unreasonably heavy.
Therefore, this discussion will focus on volume rather than
mass. The maximum power was calculated by equating the
internal resistance of the battery and the resistance of the
external load. This power is the instantaneous maximum
power. It has been reported that under some conditions
concentration polarization will reduce the available the




36 A.M. Crespi et al./Journal of Power Sources 96 (2001 ) 33-38

3y

12

I

Design p 2

-
o

1y j
Designs 11-V /‘

()

fﬁﬁ

Design VI *

Volume (cm?)
[{e]

N

Design VIi PO

15 20 25

30 35 40

Mass (g)

Fig. 3. The relationship between battery volume and mass with drawings of batte

intercept: —1.0 cm?; slope: 0.388 cm® g L

ry shapes. The solid line is a linear regression with an adjusted R? of 0.983;

Table 2

Characteristics of the designs of seven defibrillator batteries®

Design I I III v A% VI VII
External volume per battery (cm®) 12.4 11.5 10.1 12.3 10.8 8.5 6.6
Mass per battery (g) 33.8 31.6 29.0 35.0 30.6 23.6 19.3
Capacity per cell (Ah) 0.93 0.92 0.092 1.15 1.04 1.77 1.35
Maximum power, zero discharge (W) 16.5 16.3 12.3 15.8 10.8 11.6 11.8
Gibbs energy density (mWh cm™> or Wh dm™3) 427 454 515 531 549 590 579
Energy delivered to charge defibrillation capacitors (J) 70 70 58 70 50 65 58
Volumetric efficiency of utilized active components (%) 19.0 20.2 22.9 23.6 24.4 26.2 25.7
Volume of separator (inc. pores) as percentage of total volume (%) 23.1 23.8 21.8 22.6 19.0 215 8.5
Headspace (cm) 0.56 0.33 0.33 0.33 0.33 0.31 0.44
Cells per battery 2 2 2 2 2 1 1
Total separator thickness between electrodes (mm) 0.18 0.18 0.18 0.18 0.18 0.18 0.05

 Theoretical capacity is defined to a cathode composition of LigAg,V,0y,.

power [19]. However, the effects of concentration polariza-
tion are not expected to differ much between battery designs,
so the maximum instantaneous power is a valid point of
comparison. Full discharge is defined as a cathode composi-
tion of LigAg,V,40y,.

2.2. Reduction in volume of the headspace

The height of the headspace is measured as the distance
between the top of the electrode coil to the inside surface of
the cover. Design II was nearly identical to Design I, except
the height of the headspace was reduced from 5.6 to 3.3 mm
and the overall height of the battery was reduced accord-
ingly. The volume of the battery was reduced by 7%. Design
IV has nearly the same external dimensions as Design I, but
height of the electrodes was increased to fill more of the
headspace. The length of the electrodes was decreased to
keep the electrode area nearly the same, and the loading was
increased. The Gibbs energy density increased by 24% while

the power was only slightly reduced. Design III was
designed for an ICD with lower-energy defibrillation capa-
citors. It has thicker electrodes with less area, resulting in
lower power and higher Gibbs energy density. Desi gn 'V was
designed to charge even lower energy defibrillation capa-
citors, so it has further reduced power and increased energy
density. The height of the headspace was increased slightly
in Design VII due to geometric constraints of this particular
design.

2.3. Progression from two cell to single cell design

For Designs I-V, all of the batteries consisted of two cells
in series. After Design V, advances in the ICD circuitry for
charging the defibrillation capacitors made it possible to use
a single cell rather than two cells in series. The volumetric
efficiency increased substantially in Design VI, a single cell
battery, because less packaging material is needed for one
cell compared to two cells. The electrode area and capacity
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Fig. 4. Area-normalized dc resistance (R} as a function of degree of cathode lithiation for five of the battery designs. The resistance is calculated from the
drop in voltage during a high current pulse using Ohm’s law and normalized using the two-sided cathode area. The batteries were discharged on a low current
drain for 1 year with a series of four high-current pulses applied every month. The Ry, was calculated using the voltage drop during the fourth pulse in each
series. The data points displayed are interpolated for purposes of averaging data.

was increased by about 50% in the single-cell design
compared to a two-cell battery.

2.4. Reduction in volume of the separator

In Designs I-V, the separator, including pores, occupied
19-24% of the total volume of the battery (see Table 2).
After reducing the volume of the headspace and changing to
a single-cell battery it was clear that the volume of separator
material must be reduced if the volume of the battery was to
be reduced much more. In Design VII, the thickness of the
separator was reduced from 0.09 to 0.025 mm per layer.
When this change was made, the manufacturing line was
moved to a clean room and processes were improved to
prevent shorting across the thinner separator by foreign
material. Burn-in and acceptance tests were changed to
ensure detection of latent short-circuits which may occur
when an oxidizable metal particle is present on the cathode.
Production batteries were sampled frequently from the line,
opened, and is inspected for evidence of foreign materials.
The volume occupied by the separator was reduced to about
8% of the total volume of the battery.

3. Electrical and mechanical characteristics

The relationship between mass and volume for the battery
designs is illustrated in Fig. 3. This graph shows that in spite
of the many design changes, there is an excellent correlation
between mass and volume. The average gravimetric density
of the batteries is 2.85 g cm ™. Finally, the electrical char-
acteristics of this family of batteries remain consistent over
the full range of designs with wide variation in electrode
capacity, electrode loading and pulse-current density. Fig. 4
shows the area-normalized resistance versus degree of
lithiation for five of the battery designs. Consistency of

design approach, embodied in the materials balance design
model, helps to ensure scaleable battery performance.
Despite the many variations in design, battery resistance
remains scaleable by electrode area if battery capacity is
presented as degree of lithiation.

4. Conclusions

Batteries for implantable defibrillators have been conti-
nually improved over time, resulting in lower volume,
higher energy density, lower charging times and better
packaging efficiency. These improvements have resulted
in superior performance and smaller volumes for these
devices.
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Abstract
Advances in aviation battery systems technology
John K. Erbacher”

Air Force Research Laboratory, AFRL/PRPS, 1950 Fifth Street, Building 18G, Wright-Patterson AFB, OH 45433-7251, USA

Abstract

New aircraft battery systems have almost exclusively changed over to a “maintenance-free”’ concept and older systems in service are
transitioning from the vented high maintenance batteries that were prominent 20 years ago. In addition, new chemistries for aviation
batteries, such as nickel/metal hydride and lithium-ion are in the development phase with transitions to operational systems projected within
the next 3-5 years.

Charger and transformer/rectifier (T/R) electronic units are becoming more sophisticated (*“intelligent™) to function with the tighter
controls needed for the advanced chemistries in development. Statistical data are presented on the transition to a maintenance-free aviation
fleet.

Details on current developments of new chemistries and chargers, also T/R units will be presented along with some projections of where
aviation battery system technology is heading over the next decade. © 2001 Published by Elsevier Science B.V.

Keywords: Applications/aircraft; Lithium ion batteries; Nickel/metal hydride batteries; Chargers/change control
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rate and low temperature applications
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Abstract

Lithium-ion cells are presently being considered for use in a wide range of aerospace applications. Cells for these aerospace applications,
such as F-16 and JSF aircraft, are required to operate at rates up to 15 C and at temperatures from —40 to 71°C. To address these
requirements, a series of experiments has been undertaken to empirically determine those factors that limit performance. The first
experiment compares three different electrode weight loadings and two different anode particle sizes. A chemistry identified from this
experiment was able to increase room temperature rate capability by >500%. Pulse discharge rates as high as 70 C and continuous discharge
rates of 20 C were demonstrated. Furthermore, cell performance of 1 C at —40°C and 4 C at —30°C has been demonstrated.

A second experiment evaluated the use of non-solid/electrolyte interface (SEI) forming conductive diluents in the anode. This experiment
did not identify any advantages to the conductive diluent at temperatures above —20°C. However, at a discharge rate of 1 C at —40°C, the

group with the highest level of diluent offers 300% more capacity than the baseline experimental group with no non-SEI forming diluent.

© 2001 Published by Elsevier Science B.V.

Keywords: Lithium-ion batteries; Electrolytes/non-aqueous

1. Introduction

The majority of research performed in the advancement of
lithium-ion chemistry has concentrated on improving
aspects of performance for commercial applications such
as cellular phones and laptop computers. These devices
typically operate at moderate temperatures and rates. In
such applications, the primary goal has been to maximize
capacity through improvements in the specific capacity of
the active materials. However, for some applications it is not
the capacity of the battery that is the limiting factor. Spe-
cifically, for several aerospace applications the driving force
in the sizing of a proposed battery has not been the total
energy required, but rather the high discharge power. Bat-
teries with 2-20 times the total required energy, and thus,
size have been necessary to support the power requirements.

Whenever the discharge rate, and not the actual rated
capacity, drives the cell design, those chemistry changes that
may reduce capacity, but increase rate capability, are being
evaluated.

¥ Corresponding author. Tel.: +1-860-599-1100; fax: +1-860-599-3903.
E-mail address: fjpuglia@yardney.com (F. Puglia).
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The first experiment presented in this paper compares
anode particles of 6 jum average size to those with an average
size of 10 pm. In addition, several other experimental lots
that varied the ratio of anode material to cathode material
were constructed. A second experiment evaluated the use of
very high amounts of silver powder as a conductive diluent
in the anode. The specific selection of these first two
experiments was based on previous work [1] done by Lithion
in the evaluation of candidate chemistries for the MSPO1
Mars Lander program. The results presented in this paper are
a continuation of the work presented at the San Diego SAE
meeting in November 2000 [2].

2. Experimental

For both experiments discussed in this paper the cells
were constructed using a true prismatic design with a
nominal capacity, for the baseline chemistry, of approxi-
mately 7 Ah. The baseline chemistry is that which was
developed and qualified for the MSP0O1 Mars Lander battery.
In order to minimize experimental variation, all cells within
each experiment used cathodes and anodes that came from
the same slurry mix. All electrode coating was also per-
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formed on the same day. For both experiments, all of the
cells used the ternary electrolyte, 1 M LiPFg in 1:1:1
EC:DMC:DEC, utilized for the Mars 2001 Lander project.
All electrical testing on the cells was also performed con-
currently, with all cells on the same test system and in the
same temperature chamber. The only exception to this was
the very high rate cycling for which there were insufficient
channels to test all of the cells concurrently.

The first experiment evaluated three different electrode
weight loadings. The electrode weight loadings were equally
spaced and are referred to as Medium, Low, and Very Low. In
addition, two different MCMB particle sizes were evaluated:
6 and 10 um. This portion of the experiment was fully
factorial so all electrode weight loadings were evaluated
at both anode particle sizes for a total of six experimental
lots. All experimental lots consisted of three individual cells.
This first experiment also evaluated the effect of varying
the ratio of anode to cathode materials. Specifically,
increased ratios of anode to cathode were varied up to
approximately twice the baseline ratio. This latter portion
of the experiment was added in to evaluate the hypothesis
that the anode SEI layer is the limiting factor in low
temperature discharge performance. By having “‘extra”
anode, the current density through the anode SEI would
be decreased by a factor commensurate with the amount of
“extra” anode.

Also based upon previous work performed at Lithion, a
second experiment was conducted to evaluate the use of a
new type of conductive diluent in the anode. While carbon
diluents have been evaluated in the past, these materials still
form an SEI layer that somewhat reduces their surface
electrical conductivity. Low levels of silver have reportedly
[3] been added to the anode by several manufacturers. The
major difference is that the quantity of silver used in this
experiment was as much as 25,000% higher than levels
reported in other manufacturers’ cells. At these levels, some
degree of alloying is expected. In this experiment, silver

7.50

powder was added to the anode slurry during the mixing
operation. Since the performance of carbon diluents is a
function of particle size, as well as other aspects, the same
was assumed to be true for the silver diluent. Thus, three
different silver particle sizes were evaluated. The smallest
size was evaluated at three levels while the two larger
particle sizes were evaluated only at the central level. A
baseline lot, containing no silver, was also constructed. As
with the other experiment presented in this paper, three cells
per experimental lot were constructed.

3. Results and discussion

For reference, some of the initial results, presented pre-
viously, are given below. The majority of the discussion
concerning the first experiment is centered on Lot 1 through
Lot 6. The layout of these lots is given in Table 1. Fig. 1
shows how the cell capacity varied with electrode weight
loading. The capacities shown in Fig. 1 are those used to
determine the C rate of cells. In most tests, however, the cells
were cycled at the same current, regardless of initial capa-
city. This latter situation more closely resembles the real
world requirements to which the cells would be exposed.

Since the cell dimensions were held constant, and not cell
capacity or electrode surface area, the lower weight loadings
have lower capacity and higher electrode surface area. The
capacity drop from the medium weight loading to the low
weight loading is approximately 8%. The capacity drop

Table 1
Experiment layout
10 um anode 6 pm anode
Medium loading Lot 1 Lot 4
Low loading Lot 2 Lot 5
Very low loading Lot 3 Lot 6

7.25

6.75

6.50

6.25

6.00

5.75

5.50

Discharge Capacity (Ah)

525

5.00 —I= 11.96*Std. Dev.
4.75 L E1 £1.00°Std. Dev.

o Mean

4.50

Medium (L1)

Low (L2)

Very Low (L3)

Fig. 1. Capacity at the C/10 discharge rate for the three weight loadings.
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Table 2 Plot of Marginal Means and 95% Confidence Limits
Lots 1-6° For Energy Efficiency for 20 Amp Discharge at 25°C
Cathode surface area ( cm?) Cell mass (g) 0.85
0.94
Lots 1 and 4 2700 220
Lots 2 and 5 3500 218 0.93 N
Lots 3 and 6 5700 228 0.92 -+ -
aCell d surf; 5 0.91 \\
€ll masses and surface areas.
F e 1 -
£ 0w \
from the low weight loading to the very low weight loading 0.89 -~
is approximately 18%. Both of these values are in excellent -
. . . Very Low Low Medium
agreement with the theoretical capacities based upon equally ; !
Electrode Weight Loading

sized reductions in loading between the lots. The surface
areas and cell masses for first six lots, those in which the
ratio of anode to cathode material was held constant, are
given in Table 2.

A 25°C voltage profile for a discharge rate of 20 A is
given in Fig. 2. Since all cells were discharged at the same
rate, the 20 A discharge rate corresponds to between 3 and
4 C, depending on the specific lot. The current density is
approximately 7 mA cm™ for the medium weight loading,
6 mA cm™ for the low weight loading, and <4 mA cm™> for
the very low weight loading. As can be seen in Fig. 2, the
lighter weight loadings do not offer any advantage in
capacity even up to the 3—4 C discharge rate.

A full statistical analysis of the results at 20 A reveals that
the discharge capacity is a strong function of weight loading
(P-value approaching 0) with the heavier loadings being
preferred. However, when either average voltage or energy
efficiency is evaluated, the lots with the lighter weight
loadings offer statistically significant improvements.

Fig. 3 shows a marginal means plot, with a 95% con-
fidence interval, that shows the lots with the highest weight
loadings have a 33% lower energy efficiency. This implies
that the lighter weight loading cells would be of interest
for very large cells, if heat generation needed to be mini-
mized.

Fig. 3. Energy efficiency for 20 A discharge from the three different
weight loadings.

Fig. 4 shows a rate capability plot for the MSP0I1
Mars Lander cells. This testing was performed at 25°C.
This figure shows acceptable performance up to a 5C
discharge rate.

This is well above what is typically obtainable from
commercially available cells. In-house testing revealed that
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Fig. 4. Discharge capability of baseline chemistry.
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Fig. 2. Voltage profiles for 20 A discharges at 25°C. Highest (Ah): Lots 1 and 4; lowest (Ah): Lots 3 and 6.
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the best commercial cells had acceptable performance at
discharge rates up to 2.5 C.

Fig. 5 shows the discharge voltage profile for the six lots
when subjected to a S0 A continuous discharge between a 7
and 10 C discharge rate, depending on the experimental lot.
The current densities are 18 mA cm™> for the medium
weight loading cells, 14 mA cm™ 2 for the low weight load-
ing cells and only 9 mA cm > for the very low weight
loading cells. In comparing Figs. 4 and 5, there is excellent
agreement between the MSPO1 cells and the control cells
(Lot 1) constructed with the same chemistry. Both cells show
approximately 15% capacity for a 7 C (183 mA cm™2) load.

Fig. 5 clearly shows that the weight loading is the most
significant factor in obtaining high discharge rates at 25°C.
The experimental lots with the 6 pm cells showed only
marginally improved performance compared to their
10 pm counterparts. When the Lot 6 cells were subjected
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toa 18 mA cm ™2 continuous discharge load, the cells did not
perform as would be expected given the performance of the
Lot 1 and Lot 4 cells at this current density. Based upon
Fig. 5, the anticipated capacity above 2.7 V would be only
15%. The 13 (75 A) and 18 mA cm~2 (100 A) results are
shown in Fig. 6.

The Lot 6 cells, at a discharge current density of
18 mA cm ™2, or 100 A, delivered in excess of 85% of initial
capacity. The true fraction of capacity is somewhat higher
since over 200 “other” cycles had occurred after the initial
capacity value of 4.9 Ah was determined. A value >90% is
more appropriate. The comparable continuous discharge
current density of 18 mA cm™? for the baseline chemistry
and the Lot 6 cells clearly shows that the Lot 6 chemistry is
not limited to the same current density as the baseline cells.
This is a result of the decreased electrode thickness with the
lighter weight loadings. A useful comparison tool is to

4.10
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3.90 — e LOt 4
380 —Lot2 —{Lot5 Low and Very Low ||
Lot3 —Lot6 Loadings |
————— (Lot2,3,5,6)

Medium Loading
=4 (| 5t 1 and Lot 4)
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40% 50% 60% 70% 80% 90% 100%
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Fig. 5. Voltage profiles for 50 A discharges at 25°C from the six lots.
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Fig. 6. Voltage profiles for 75 and 100 A continuous discharges.
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Fig. 7. The 0.100 s discharge pulses at 25°C.

calculate the distance between the center of the cathode
coating and the center of the anode coating for each experi-
mental lot. This gives an average distance between the 50%
capacity points. The mean diffusion distance for the medium
weight loading cells is 2.2 times that of the very low weight
loading cells. Thus, because the mean ionic diffusion path is
much shorter for the lighter weight loading cells, they are not
limited to the same current density. Due to cell construction
limitations, continuous discharge testing at rates above
100 A was not viable. Future constructions will incorporate
larger terminals and other mechanical improvements aimed
at increasing the current carrying capability.

In addition to continuous discharge testing, extensive
pulse discharge testing was completed. For brevity, only
an analysis of the very low weight loading cells, with the
6 pm anode particles, is presented. Fig. 7 shows the voltage
for 0.100 s pulses at various currents.

For clarity on the figure, the voltage is slightly offset in
time. The current level in the discharge pulses ranged from 2
(10 A) to 62 mA cm ™2 (350 A). These pulses translate into
specific energy and energy density values of 3200 W kg ™!
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and 7200 W dm ™. If a more gravimetrically and volume-
trically efficient cell hardware, such as that for the MSPO1
Mars Lander, were used, the same chemistry would easily
provide 3700 W kg™ 'and 9000 W dm >,

The Lot 6 cells were also subjected to a 0.150 s, 150 A
pulse at 25°C. During this pulse, the cells were connected to
high-speed data recording equipment. Voltage and current
data was recorded every 2 ps. By performing this test, the
portions of the total polarization attributable to ionic polar-
ization and ohmic polarization can be determined. For this
specific pulse, it is estimated that 55% of the polarization is
ohmic while 45% is ionic. A summary chart of the results of
this test is shown in Fig. 8. Longer duration pulse testing
confirmed that the slope of the voltage near the end of the
pulse continues to plateau. Thus, for very high rate pulses of
even relatively long duration, large improvements are avail-
able in both ionic and ohmic related polarization.

Low temperature testing was also conducted on the cells.
Both continuous and pulse discharges were evaluated. For
brevity, only the continuous discharges are presented in this
paper. Fig. 9 shows a discharge voltage profile comparison
fora 2.5 A discharge at —40°C. These cells were charged at
—40°C. The figure shows that although the best lot offers
twice the capacity of the worst lot, over 80% of the polar-
ization is still present. Of the 20% of the polarization that has
been eliminated, only a very small portion is related to the
weight loading. Thus, if the electrolyte were responsible for
the majority of the polarization, the decrease in bulk ionic
current density between the electrodes by a factor of two
should have halved the polarization. Instead only a small
decrease in polarization is observed suggesting that the
electrolyte is not responsible for the main portion of the
total polarization at these conditions. This trend exists, to
lessening degrees, through the —10°C discharge tests that
were conducted. However, this trend is the opposite of the
result for the 25°C high rate testing. In the very high rate
testing at 25°C, the weight loading effect dominated the
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Fig. 8. The 0.150 s, 150 A pulse at 25°C.
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Fig. 10. 1 C discharge capacity at 25°C of cells with anodes containing three different amounts of silver powder in three particle sizes.

polarization. Thus. the rate limiting mechanism is tempera-
ture dependant.

A second experiment, to improve high rate and low
temperature performance is also underway. As described
previously, this experiment involves the doping of the anode
with very high amounts of silver. The preliminary results at
both 25 and —40°C are shown in Figs. 10 and 11, respec-
tively. All of these cells are constructed with the medium
weight loading and 10 pm anode particles. The experiment
contains a baseline lot with the MSPO1 Mars Lander chem-
istry. This is also the same chemistry as was used in Lot 1 of
the previous experiment. Fig. 10 shows that the addition of
silver, in large quantities, depresses the 25°C discharge
capacity. This may be due to an unfavorable alloying of
the lithium with the silver.

In Fig. 10, three levels of silver are compared: Low,
Medium and High %. In addition, three silver particle sizes
are evaluated: small (sm), medium (med), and large (lg). For
clarity, Fig. 11 shows only the results for the first four lots at
arate of 1 C and a temperature of —40°C.

While the lot with the least amount of silver doping shows
a slight depression in performance, the lot with highest
amount of silver doping shows three times the capacity of

Box & Whisker Plot For:
1C Discharge at -40°C. (with -40°C Charge)
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Fig. 11. 1 C discharge capacity at —40°C of cells with anodes containing
three different amounts of silver powder of the small particle size.
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the baseline lot. The results of the discharge energy are even
more dramatic indicating a slightly higher operating voltage
for the silver doped lots.

4. Summary

The results of the two experiments presented in this paper
show large improvements in lithium-ion performance at
both high rates and low temperatures. The most dramatic
improvement is the ability of the Lot 6 cells to deliver over
90% of their capacity, above 2.7 V at a 20 C discharge rate.
In addition, discharge rates as high as 4 C at —30°C have been
demonstrated. The first experiment reveals the individual
effects from the anode particle size and the weight loading.
Thus, it was determined that the rate limiting factor differs at
low and high temperature. Furthermore, it was determined
that, at low temperature, the majority of the polarization is the
result of a variable not captured in these experiments. The

results of the silver doping experiment, while still preliminary,
indicate considerable opportunity for this general approach.
Future experiments will be aimed at addressing the rate
limiting factors not captured in these experiments.
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Abstract

Li-ion is a relatively new battery technology that has been commercialized within the past 10 years for many consumer products, but
especially for portable power. Li-ion operates by using a different principle to other battery technologies. This principle is called
intercalation. Recently, work has been undertaken to explore the high power capability of this technology. The results indicate that present
products can provide very high rate capability. Investigations are underway to improve this capability in anticipation of needs for defense
and other advanced applications that will require compact high power sources (CHPS). © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Li-ion batteries; High power; Defense applications

1. Introduction

SAFT has been developing and producing Li-ion tech-
nologies for more than 6 years. The cells and systems using
this technology are now found in a wide variety of applica-
tions from undersea to space. Some examples are shown in
Figs. 1-4, being the Mars Rover, electric and hybrid vehicles
and most recently the DARPA CHPS (Combat Hybrid Power
System) vehicle.

High power Li-ion/liquid electrolyte products were ori-
ginally developed for use in hybrid vehicles. Early in the
compact high power sources (CHPS) program the power
performance of these cells was evaluated and was found to
exceed expectations by significant levels.

2. The CHPS system integrated laboratory battery

The initial goal for SAFT in the CHPS program was to
deliver a battery system that would support hybrid mobility
testing in the CHPS SIL (System Integration Laboratory).
During the early phases of the program it was decided to
explore the characteristics of cells presently available. This
investigation uncovered capabilities that were previously
unknown. Some of these results are reported later in this
paper. As a result of this investigation a new CHPS cell was
designed to maximize both energy and power capabilities
which will not only be required for mobility needs but would

* Corresponding author.
E-mail address: tcmatty @technie.com (T. Matty).

also support pulse power applications such as are being
considered for the future, including new combat systems.

The characteristics of the CHPS Li-ion battery system are
shown in Fig. 5. The packages were developed for hard use
in the laboratory, including the need to be stacked. There-
fore, the steel case weighs about as much as the internal
battery components. It is expected that vehicle applications
will allow for more effective packaging.

The design concept delivered a package that is totally
sealed to provide both EMI (electromagnetic interference)
and thermal isolation. Internal fans and a liquid/air heat
exchanger provide a thermal management interface to the
system integration laboratory. The heating/cooling liquid is
provided via sealed fittings into a metal heat exchanger.

Included in the packs are telemetry and cell management
systems that communicate with the SIL management system
as shown in Fig. 6. Fiber optic interfaces are used to improve
safety and to avoid ground loops and other EMI issues.

Fig. 7 shows the two Li-ion packs installed in the SIL. The
packs are mounted on the floor within the notional outline of
the vehicle. In the foreground is one of the traction motors.
To the right of the packs is the SIL power distribution panel.
At the rear, beyond the Li-ion batteries, isa 3.9m x 1.6mx
1.6 m rack of 764 commercial Ni/Cd cells. These were used
to support SIL operations while the CHPS cells and packs
were under development and production.

3. High power Li-ion cells

During an earlier phase of the CHPS program an inves-
tigation was started at SAFT using 500 A commercial test

0378-7753/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Fig. 2. Hybrid electric vehicle.

Fig. 4. Notional CHPS military vehicle.
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Fig. 7. Two CHPS packs located in the System Integration Laboratory.

equipment to evaluate and characterize the pulse-power
performance of the cells. Based on the results of this testing,
a new cell was designed to provide both high power as well
as high energy. This cell is rated at 30 Ah and has excep-
tional power delivery capabilities. Fig. 8 shows the discharge
of a CHPS cell during a high current pulse test. This
discharge pattern, of about 1500 W per 30 s pulse, demon-
strates the efficient delivery of high power.

The waveforms show the constant current pulses and the
voltages during each pulse.

Each of the 500 A, 30 s, pulses withdraws about 4.1 Ah or
about 14% of the stored energy. A total of 29 Ah was
withdrawn in seven pulses from this 30 Ah rated cell.

During the evaluation programs, which were conducted to
verify tolerance to abuse, it was observed during short circuit
tests that cells were able to support a very high current for a
significant period without damage. DARPA commissioned
the Army Research Laboratory (Aberdeen Proving
Grounds) to explore behavior on this high current regime.

kiloWatts

1 1.5 2 2.5
Load Impedance miili Ohm

Fig. 9. A 30 Ah CHPS cell. Power output against discharge load.
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Fig. 10. A 30 Ah CHPS cell (2kA, 7 ms, repetitive pulse discharges).

The aim of these tests was to determine the peak power that
could be drawn repetitively from the cell.

In order to gather the data above 500 A, ARL constructed
a test fixture that was capable of operation in excess of
2000 A.

The initial results of these tests are shown in Fig. 9. This
plot shows the power withdrawn from a cell while various
loads are applied. This test was conducted on a 12 Ah cell. It
should be noted that the peak current during this test was
about 1200 A or more than the 100 C rate. This figure also
shows that the peak power was about 3.4 kW for pulses of
about 0.3 s in duration. With a cell mass of 0.68 kg, then the
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Fig. 8. Repetitive high-power pulse discharging of a 30 Ah CHPS cell at room temperature (500 A for 30 s, repeated seven times with 60 s between pulses;

26.16 Ah withdrawn; final temperature of cell case: 67.8°C).
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Fig. 11. Performance of a 30 Ah CHPS cell, initially at —40°C, under increasing loads 12 A, 120 s, then 24 A; 60 A; 120 A; all for 60 s, then 200 and 250 A,

each for 30 s; final temperature of cell case: +6.9°C.

power density is about 5kW g™' for an individual cell,
whilst the equivalent specific power is more than
10kW dm ™.

Following these tests, additional work explored the cap-
abilities of the larger 30 Ah CHPS cell that weighs about
1.1 kg and has a volume of 0.5 dm?>.

Fig. 10 shows a series of 2000 A pulses being withdrawn
using a specific short-duration pulse pattern. These data
were gathered using a new ARL test fixture that is capable of
operation up to 3000 A and is electronically programmable.

During the evaluation of the CHPS cells, low temperature
operation data was also collected. One of these tests is shown
in Fig. 11.

This shows the temperature rise of the cell, initially at
—40°C, whilst increasingly higher currents were applied.

After about 4 minutes the cell was nearly capable of deliver-
ing full power.

These experiments and data have led to new thoughts
regarding the capabilities of other types of solid state power
sources (Table 1).

4. Future program

In order to identify possible new applications it was
necessary to make some predictions regarding the future
of the technology. Table 1 shows the SAFT estimates of the
capabilities that are believed to be realistic. These estimates
are based on the use of materials and processes that are being
developed today for other products.

Table 1
Current and predicted performances for a battery, volume 1 dm® and weighing 2000 kg
At present Near term Far term
Energy (assuming 80% of usable energy)?
kWh 75 54 50
MJ 270 194 180
Discharge power (MW)
0.2 s pulse 6.8 13.4 40
2 s pulse 42 104 30
18 s pulse 2.7 6.7 20
Applications HEV power HEV power HEV power
Lasers Lasers Lasers
Targeting Targeting Targeting

Defeating sensors
Silent watch

Defeating sensors
Defeat light armor
Tactical aircraft
Missile defense

Electrothermal
Cannon (ETC)

Defeating sensors

Defeat heavy armor

Tactical aircraft

Missile defense

Long range missiles

Theater defense

ETC/electromagnetic guns

Counter kinetic/high power microwave

“ Energies available or predicted at indicated pulse-power levels.
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5. Conclusions

High power Li-ion is a cornerstone technology for com-
pact high power systems.

It combines the power performance of a flywheel com-
bined with the energy density of a high capacity battery.

Many other applications have shown that it provides long
life, low maintenance, and long-term affordability without
environmental sensitivities.

This is a young technology, capable of significant
increases in performance.




JOURNAL OF

www.elsevier.com /locate /jpowsour

Journal of Power Sources 96 (2001) 52-56

Computer simulation of the discharge of metal electrodes
in batteries with solid electrolytes

Gennady 1. Ostapenko™", Sergey N. Antonov®

*Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Ul'anovsk Division,
48 Goncharov Str., 432011 Ul'anovsk, Russia
>Ul'anovsk State Engineering University, 32 Severny Venets Str, 432027 Ul’anovsk, Russia

Received 14 November 2000; accepted 2 December 2000

Abstract

The computer simulation of the dissolution during discharge of silver electrodes in batteries and other devices with various silver-
conducting solid electrolytes was carried out. The model of the pseudo-porous electrode represents small silver spheres, distributed in a
solid electrolyte matrix. Various parameters simulated were: diameter of silver particles, silver to electrolyte relationship within the
electrode, thickness of the electrode, conductivity of the electrolyte, discharge current and thickness of the separator. Calculated distribution
of current in the electrode and the discharge curves at various parameters were obtained. A comparison of the calculated and experimental
discharge curves was carried out. The good correspondence of these curves testifies to adequacy of the surveyed model of the dissolution of
metal electrode for devices with solid electrolytes. Optimal parameters of the electrode are recommended depending on the use of these
devices with solid electrolytes. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Solid electrolyte batteries; Porous electrodes; Computer simulation

1. Introduction

Batteries and other devices using solid electrolytes can
function at zero gravity, under high accelerations and over a
wide range of temperature. Such devices have practically
unlimited prospects for miniaturization. So, they have excel-
lent prospects for general application in cosmic and military
equipment. Usually, one of the electrodes of the solid-state
battery is a soluble (during discharge) metal electrode [1].
Frequently, metal electrodes are prepared by the pressing of
metal and solid electrolyte powders [2,3]. This is done to
lower electrode polarization. In such electrodes, the metal
particles are distributed in the solid electrolyte matrix and
these electrodes can be viewed as pseudo-porous.

The effective area of the porous electrode is distributed
throughout its volume. All parts within the electrode volume
are not equally accessible for electrochemical processes,
therefore the intensity of the electrode discharge is unequal
within the electrode. The theory of porous electrodes gives
the current density and potential distribution within the
electrode volume or thickness.

" Corresponding author.
E-mail address: ufire@mv.ru (G.I. Ostapenko).

In the present work, computer simulation were carried out
of electrochemical dissolution of the pseudo-porous silver
electrode for the device with the solid electrolyte, depending
on the diameter of the silver particles, silver: electrolyte
relation in the electrode, thickness of the electrode, con-
ductivity of the electrolyte, discharge current and thickness
of the separator.

2. Formulation
2.1. Description of the electrode model

One of the first major theoretical investigations of the
porous electrode was carried out by Stender [4]. Then
Coleman [5], Daniel-Bek [6] and Frumkin [7] carried out
the quantitative calculations of the current distribution. The
problems of the porous electrode simulation by means of
electrical elements were surveyed fully by Euler [8-10].

For simplification, the two-phase porous electrode is
considered usually as a pseudo-homogeneous medium. This
medium has a certain electrical resistance R, which includes
ohmic resistance Rq and polarization resistance R".

The resistance Rq, is the total electronic resistance of the
metal electrode R™, ionic resistances in the electrolyte pores

0378-7753/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
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R and in the separator R®. The nonlinear resistance R" is
stipulated by polarization phenomenon at the metal/electro-
lyte interface. Current i, at any site in the porous electrode is
inversely proportional to the complete resistance R, during
current flow through this site.

For simulation, the porous electrode is divided condition-
ally into N sections, which run connected to an external
current source AB, as shown in Fig. 1. The following series
of linear equations can be deduced:

R =NR"4+R +R|+F
Ry=(N—1)R™+2R°+RI+ R
R,=(N—n+1)R" +nR°+R! + K
Ry=R"+NR°+R},+ R

1 B n=N 1
R - n=1 R,
Apsp = IR

I=i+i+-Fi,+-+iy
where A@ap is voltage drop between points A and B, i.e.
electrode polarization; I the overall current through the

electrode. This set of simultaneous equations was solved
by the Gauss method [11].

2.2. Operating conditions and physical parameters

The effective conductivity of porous metal and of porous
electrolyte can be calculated as the product of conductivity
of the material and some coefficient K(P), which depends on
the porosity of the material (Table 1).

The polarization resistance is calculated as

no__ M

n H
lIISIZ

where S, is the effective area of metal/electrolyte interface in
section #; 1,, an overvoltage in section » at current flow i,,.
The interrelation # = f(i) is determined from the polariza-
tion curve of the metal/electrolyte interface.

The electrode material is represented spherical silver
particles, distributed in the solid electrolyte matrix. The

Table 1
Coefficient K(P) which characterizes conductivity of porous bodies vs.
porosity P [12]

P 09 08 07 06 05 04 03 02 01 00
K(P) 0.008 0.033 0.058 0.14 0.222 0.368 0.515 0.687 0.847 1.000

electrode is a disc with a diameter of 12 mm. The electrode
is arbitrarily divided into 20 sections. The polarization curve
of the Ag/Ag4Rbl; interface [13] is utilized for the simula-
tion of silver electrodes with other silver-conducting solid
electrolytes (AggWO4ly), since silver dissolution is reduced
by crystallizing effects [13,14] and does not depend on the
nature of the solid electrolyte. Tables 2 and 3 show the
parameters used in the simulation.

2.3. Background of the algorithmic approach

At the moment of current application, the intensity of
discharge in the sections is distributed within the electrode
thickness according to a primary distribution [18,19], i.e. is
caused only by ohmic resistance Rg. Then there is a redis-
tribution of intensity of discharge owing to the origination of
polarization resistance R" and then occurs a secondary
distribution of current.

The calculation of the secondary distribution in each
section is carried out without reference to the secondary
distribution in subsequent sections, which for the present
are not known, since the polarization resistance and current
in the sections are interdependent. Therefore, secondary
distribution is determined by the method of successive

Table 2
Physical parameters

Parameter Characteristics

Tonic conductivity (S cm™")
2 x 107" [15]

2.3 x 1072 [16]

5gcem™ [17)

105¢g em™

6.25 x 10° S cm™!

Solid electrolytes
Ag4Rbl;s
AggWOLL,

Density of electrolyte
Density of silver
Conductivity of silver

m  electrons m m m
11 RT g R R R ]
A l?-b-l__.: T} I
! . . . g
i N 1In L =
I 12
B | i
*‘3 : separator :g
K] : Ry" R, R," Ia
- | =
ol 1@
| N
| R’ R® R 1 R |
! l:l——»l:]—ffl B
Y R e N e
Section N Section n Section 2 Section 1
- Porous electrode -

Fig. 1. Equivalent circuit of the porous electrode. Refer text for notations.
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Table 3
Electrode parameters

Electrode Electrode Overall Silver to electrolyte  Electrolyte Diameter of silver Separator
number (EN) thickness (mm) current (mA) (weight ratio) type particles (um) thickness (mm)
1 0.5 10 1:0.5 AgRbl; 2.5 0.5
2 0.2 10 1:0.5 Ag,Rbl; 25 0.5
3 1.0 10 1:0.5 AgRbl;s 25 0.5
4 0.5 5 1:0.5 Ag,Rbl;s 25 0.5
5 0.5 50 1:0.5 AgRbls 25 0.5
6 0.5 10 1:0.2 Ag4Rbl;s 2.5 0.5
7 0.5 10 1:1.0 AgRbls 2.5 0.5
8 0.5 10 1:0.5 AgsWO,L, 2.5 0.5
9 0.5 10 1:0.5 Ag,Rbl; 0.5 0.5
10 0.5 10 1:0.5 AgRbl; 5.0 0.5
11 0.5 10 1:0.5 Ag,Rbl; 25 0.1
12 0.5 10 1:0.5 AgRbl; 25 5.0

approximations. Such an iterative process has a rapid con-
vergence. The calculations stop when the discrepancy of
distribution between current and those from previous cal-
culation cycles does not exceed 0.1%.

The meta] is dissolved electrochemically at discharge.
Therefore metal quantity, the radius and area of metal
particles decrease in time. For simplification of the simula-
tion, the calculation of the intensity of discharge in the
sections is carried through time intervals Af; =t —t;_,,
which are selected arbitrarily, according to the theoretical
electrical capacity of the electrode and the required accu-
racy. This approach assumes an invariance of currents within
sections during the time interval between ¢; and £;_;. Thus,
the calculation of current redistribution with time is reduced
to a definition of the stationary secondary current distribu-
tion at various instants considering the working area changes
of the electrode sections with time.

3. Experimental

The solid electrolyte AgsRbls was prepared by the
method described in [15]. Material for the electrodes was
prepared by mixing silver and the solid electrolyte powders
(the weight ratio Ag: Ag,Rbl;s was 1:0.5) or silver, the solid
electrolyte and carbon (the weight ratio Ag:Ag,Rbls:C was
1:0.5:0.02). The average diameter of silver particles was
about 2.5 pm.

Cells of the type: positive collector, investigated elec-
trode/separator/counter electrode were prepared in dry air
atmosphere (dehydrator P,Os) by sequential pressing under
a pressure of 2.2 x 10® Pa:

o Ni foil (as collector);

¢ powder of investigated electrode material;
o Ag,Rbls powder (as separator);

e Ag foil (as counter electrode).

The cell diameter was 12 mm. The separator thickness
was 0.5 mm. A silver wire reference electrode of 0.2 mm

diameter was positioned inside the electrolyte. The clamp-
ing pressure applied to the cell was approximately
3 x 10° Pa.

Before measurements began, the cell was annealed for
several hours at 140°C. Polarizations of the cells were
made with the P-5848 potentiostat (manufacturer: Gomel
Instrument Plant, Russia) at room temperature under a
current of 10 mA. The voltage A¢ was measured between
the investigated and the reference electrodes.

4. Results and discussion

In Fig. 2 the calculated current distribution within some
electrodes is shown. On the ordinate axis, the current flow in
the electrode sections is shown. On the abscissa axis the
distance from the frontal electrode surface to the interior is
shown. The theoretical efficiency is indicated on the curves.
Fig. 3 shows the calculated and experimental discharge
curves of the electrodes.

As it is shown on Fig. 2, the electrode frontal sections are
discharged mainly at the beginning. Then the discharge
extends deep into the electrode and at the end, is near the
collector.

In Fig. 2a, d and e the dependence of current distribution
on overall current quantity /is shown. As it is shown by these
figures, the current distribution depends considerably on 7,
while the non-uniformity of distribution increases with
increase of 1. The polarization resistance R! decreases with
section current i, increase. The electrode polarization A
increases (Fig. 3a, d and e) as [ increases.

In Fig. 2a—c the dependence of current distribution on
electrode thickness is shown. These figures show that the
non-uniformity of current distribution increases with
increase of electrode thickness. This is possible to explain
by an increase of the electrode ionic resistance. Increase of
electrode polarization with decreasing of electrode thickness
(Fig. 2a—c) is an interesting effect. However, a thin electrode
contains less silver particles than the thick one. Therefore,
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Fig. 2. Calculated current distribution throughout the thickness of the electrode. The electrode numbers (EN) are given in Table 3. The theoretical efficiencies
are indicated.

the overall current density I/S (where S is the area of all In Fig. 2a, f and g the dependence of current distribution
silver particles) in the thin electrode is higher than in the on the Ag:electrolyte ratio is shown. These figures show that
thick one, and the polarization in the thin electrode is higher non-uniformity of current distribution and polarization
accordingly. (Fig. 3a, f and g) also decrease with increasing electrolyte
mﬁL/ O g /mv
0r h (ENS) 50| P
EXS) n (EN12) /
407 ek 401 /
g(EN7) f(EN6) a(EN1) HENIO)
- c(ENyy P(END) 0/ k(N[ mENID ‘
T —
20 20
a (EN1) d (EN4) efficiency efficiency
Qo o2 04 06 08 10 %0 o2 04 06 08 10

Fig. 3. Discharge curves of the electrodes. The EN for the (a—n) calculated curves are given in Table 3 p and q are the experimental curves. The explanations
see in the text.




56 G.L Ostapenko, S.N. Antonov/Journal of Power Sources 96 (2001) 52-56

content in the electrode. It is stipulated by ionic resistance
increasing as the electrode porosity decreases.

The use of an electrolyte with lower conductivity causes a
sharp increase of current distribution non-uniformity (Fig. 2a
and h) and electrode polarization (Fig. 3a and h). This effect
is obvious, since in these conditions the ionic resistance of
the electrode is increased appreciably.

The variation of the particle diameter does not change the
current distribution significantly, but the electrode polariza-
tion is increased (Fig. 3a, k and 1) with increasing particle
diameter. It is possible to explain the last fact by the collapse
of the overall area of silver particles, so increasing current
density and polarization resistance.

The increase of the separator thickness does not change
the current distribution, but causes increasing electrode
polarization (Fig. 3a, m and n). This is obvious and does
not require explanations. The experimental checking of the
current distribution is difficult and was not carried out.
However, the adequacy of calculations can be tested by
comparison of the calculated and experimental discharge
curves.

The calculated (Fig. 3a) and experimental (Fig. 3q) dis-
charge curves of electrodes with identical compositions
(Ag:Ag4Rbl;s is 1:0.5) under a 10 mA overall current prac-
tically coincide in polarization, but differ considerably in
efficiency (1.0 and 0.78 accordingly). As is visible in Fig. 3p,
experimental efficiency increases considerably (up to 0.98)
by adding carbon to the electrode material (Ag:Ag,Rbls:C is
1:0.5:0.02).

Hence, some silver particles in experimental Ag -+
Ag,Rbl;s electrode are isolated by electrolyte and have no
electronic contact with the collector. Ina Ag + Ag,Rbls + C
electrode, the carbon bridges such particles to give electro-
nic conduction. The good correspondence of the calculated
(Fig. 3a) and experimental (Fig. 3p) discharge curves tes-
tifies to the adequacy of this model of the soluble metal
electrode when applied to devices with solid electrolytes.

The results obtained allow the production of recommen-
dations for the development of metal electrodes in devices
with solid electrolytes according to the application of these
devices. For example, high current density and low polar-
ization are necessary for powerful primary batteries. Here, it
is possible to recommend a thick electrode with high elec-
trolyte content and fine silver powder.

For storage batteries, the counter electrodes of timers and
other devices, in which uniform current distribution in the
electrode is important, it is possible to recommend a low
current density and a high proportion of electrolyte. For
example, practically uniform current distribution is
observed at 0.4-0.6 efficiencies with EN4 and EN7 electro-
des. Therefore, for reversible electrodes, it is possible to
recommend an initial discharge of such electrodes up to 0.5

efficiency, then ‘discharge—charge’ cycles within the limits
0.4-0.6 efficiencies.

5. Conclusions

A model of the soluble metal electrode for devices with
solid electrolytes was designed. The computer simulation of
electrode discharges showed that, to increase the current
distribution uniformity in the electrode, it is necessary to
reduce the ratio of ionic and polarization resistances in
the electrode, ie. to use high-conductivity electrolytes
and metal electrodes with high polarization resistance.
The good correspondence of the calculated and experimen-
tal discharge curves testifies to the adequacy of this model
of the soluble metal electrode for devices with solid
electrolytes.
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Abstract

A simple capacitor is perceived as being capable of discharge (or recharge) at high rates, limited only by a small equivalent series
resistance. However, in the case of electrochemical capacitors, based on high specific area porous electrode materials, power limitations
arise due to the complex-distribution of electrolyte internal resistance, coupled with double-layer or pseudo-capacitative elements. The
present paper quantitatively examines both numerically and experimentally the effects of internal electrolyte resistance as evaluated by the
current-response functions for porous capacitor electrodes, generated in cyclic voltammetry (CV) experiments and for voltage versus time

responses in dc charge/discharge regimes. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Electrochemical capacitors; Internal resistance; Cyclic voltammetry; Charge/discharge curves

1. Introduction

Electrochemical capacitors are based on utilisation of the
distributed interface of conducting materials having large
specific areas such as carbon felts, cloths, powders and
aerogels [1], and also conducting metal oxides (RuO,)
[2], nitrides [3], or conducting polymers, including chemi-
cally or electrochemically generated RuO, deposits on
carbon substrates {4,5].

At carbon surfaces, the capacitance arises mainly from
electrostatic double-layer charging [6] while, for example, at
RuO,, it arises mainly from redox pseudo-capacitance (2,7]
coupled with a smaller double-layer capacitance.

It is important to emphasise that electrochemical capa-
citors cannot functionally substitute for batteries; rather their
applications and performance behaviour are complementary
to those of rechargeable batteries. Elsewhere [8], we have
delineated, in some detail, the similarities and differences
between batteries and electrochemical capacitors for elec-
trical energy storage and delivery. Primarily, electrochemi-
cal capacitors, now often referred to as ‘“‘supercapacitors”
[7], provide high-power performance but at low energy-
densities and also with the advantage of large multiple
cycle-life of ca. 100,000 cycles to deep depths of discharge,
DOD. On the other hand, batteries provide high specific

“Corresponding author. Tel.: +1-613-562-5481; fax: +1-613-562-5170.

energy—densities but at relatively low operational power—
densities and with limited recyclabilities, especially at
appreciable DODs. This complementarity of performance
has led to various proposed hybrid applications employing
tandem configurations of battery and capacitor modules
enabling optimisation of both power and energy—density
performance [9].

The relationship between operational power—density (P)
and simultaneously achievable energy—density (E) is com-
monly represented by so-called Ragone plots [10,11]. E
tends to decrease as P drain is increased. In a capacitor, this
effect is mainly due to internal ohmic (/R) drop which
increases with current (J) drain into a load, lowering the
voltage. In a battery, it is due to kinetic polarisation effects
in addition to IR drop, together with significant effects
arising from concentration gradients developed on charge
or discharge. In operation of a capacitor device, for funda-
mental reasons, the Ragone relations are importantly depen-
dent on state-of-charge [11] (SOC) since the operational
voltage (V), is directly proportional to charge (Q), V = Q/C,
so that both P and E are determined by SOC. In battery
performance, related effects can arise but are secondary and
smaller.

In electrochemical capacitors employing non-aqueous
electrolytes, the internal electrolyte resistance is usually
appreciably higher than for aqueous solutions but this is
compensated by higher operational voltage, which enters
“squared” into the energy density.

0378-7753/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
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A pure capacitance, such as that of the double-layer [6],
can be discharged at high rates, limited only by a (usually
small) equivalent series resistance (ESR). However, in the
case of electrochemical capacitors based on high-area,
porous materials, an unavoidable distributed resistance
(R) arises (mainly of the electrolyte in the pores) that is
coupled in a complex way with the distributed interfacial
capacitance elements (C), giving rise to a distribution of
“RC” time-constants and a resultant power spectrum. This
situation was treated in mathematical detail by de Levie
[12,13] in a series of papers. The important general con-
clusions, relevant to porous capacitor behaviour, were: (a)
that a so-called “penetration effect” (into the porous matrix)
applies to any time-dependent electrical signal — current
pulse, potential pulse or amplitude voltage (a.v.) modulation
— so the charging or discharging response function is time-
dependent; and (b) that the overall behaviour under a.v.
modulation is a transfer function characterised by a —45°
phase angle of the impedance vector, represented in the
complex-plane.

These aspects, treated by de Levie [12]%nd later by Keiser
et al. [14] for pores of various shapes, provide the founda-
tions for consideration of power limitations in the operation
of electrochemical capacitor devices based on high-area,
porous electrode materials.

Because of the relationship between the response cur-
rents, I, to repetitive linear voltage modulation (cyclic
voltammetry (CV)) at sweep rates s = +dV/ds, giving
directly the capacitance C = I/s, CV has become a major
procedure for evaluating performance of capacitor devices.
It is convenient for determining cycle life, and from analysis
of the shapes of the response-current voltammograms as a
function of s, it provides information on internal resistance
effects and consequent dissipative losses.

The present paper examines consequences of such effects
in quantitative ways, through simulation calculations, espe-
cially for cases where the performance characteristics are
evaluated by means of CV and dc charging curves. The
results of simulation calculations for various conditions
applied to voltammetry and dc charging behaviour at porous
capacitor electrodes are compared with experimental results
obtained at specially fabricated, non-aqueous electrolyte
capacitor modules containing sub-optimal electrolyte con-
centrations in order to enhance internal resistance effects,

thus, enabling them to be more quantitatively characteriz-
able.

2. Treatment of cyclic voltammetry (CV) and dc
charging at porous electrodes

Equations have been developed for potentiostatic and
galvanostatic charging transients at porous and tubular
electrodes of finite length in the absence of appreciable
Faradaic currents, for systems of constant electrolyte resis-
tance [15,16]. The case of linear or triangular voltage sweep

(CV) in the presence of significant, but constant, IR drop for
porous electrodes was considered in detail by Austin and
Gagnon [17].

Effects of internal electrolyte resistance and its changes
under certain conditions during charging and discharging of
porous capacitor electrodes are examined here for cases of
charge/discharge under CV and for dc constant current
cycling. The required mathematical equations are developed
and their solutions are evaluated with numerical simulations
for various conditions.

The assumptions made in the calculations include the
following:

1. that the double-layer capacitance, C, is constant over the
voltage window of operation;

2. only capacitative processes occur, i.e. there is no
Faradaic charging;

3. only ohmic losses are considered;

4. the electrolyte conductivity is either (1) constant, or (2)
a linear function of the local potential at the working
electrode.

3. Governing equations

The current response, I(Vy,) at a potential V,,, for a purely
capacitative process, involving a constant capacitance, C, is
given by:

dv,
I(Vi) = C( P ) (1)

where V,, is the measured potential and V,, the local potential
at the capacitative electrode. V, differs from V,, by the “IR”
loss due to potential dependent passage of response current
when the system includes a significant series resistance.

3.1. Constant electrolyte resistance

The local electrode potential, during the anodic direction
of polarisation of a CV experiment, between the applied
potential limits of V; and V,, assuming the presence of a
constant electrolyte series resistance, Ry, is

Ve =V, +st — IRy (2a)

and during the cathodic direction of the CV, between the
applied potential limits of V, and V,, is

Ve =V, — st — IRy (2b)

where s is the applied potential sweep rate, dV/dt. Differ-
entiating Eqs. (2a) and (2b) with respect to ¢, and substituting
for dV/dr in Eq. (1), results in the following first-order
differential equation for anodic current I,(V,,)

dr, (Vo —Vy)

L(Vy) = Cs —ROCd—: for 0<r< (3a)
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and for cathodic current I.(V.)

df,
I.(Vy) = —Cs — ROCE-;
(Vo= Vy) <i< 2(V, = V)

A N

(3b)

for

The analytical solutions of Egs. (3a) and (3b), subject to the
boundary conditions

L(t=0) =1 (t _ g(_VZS;VL)_> (4a)
and
. s
are
25C !

fo=sC <1 +exp((Vi — Vz)/SROC)>exp <_ RO_C)

for 0<i< £V2_;Kl_) (52)
and

2sC

I.=—-sC+ (1 +exp((V) — Vz)/SROC)>

cap(U= 100

(Vo —Vy) grgz(v2_vl).
A N

for (5b)

3.2. Case for electrolyte being consumed during charging
of the capacitor

Consider, next, the case in which, during the course of
charging of the capacitative electrode, the electrolyte is
“consumed” and, as an approximation, the electrolyte
resistance then becomes a linear function of the local
electrode potential, thus

R=Ro+1rV. ©®

In real, two-electrode, high-area capacitor device this “con-
sumption” of electrolyte from the bulk solution is a measur-
able effect and arises because of differential cation/anion
adsorption between the two electrodes as the their double-
layers become charged [18,19].

As a result of Eq. (6), the local potential, V,, during the
anodic direction of polarisation in a CV experiment, con-
ducted between the applied potential limits of V,, = V; and
Vm = V2, is

Ve =V, +st—IRy— IV,
or Vo= (Vi +st—IR)(1+1r)”" (7a)

while during the cathodic direction of a CV experiment,
between the applied potential limits of V, and Vi, V; is

Vo= (2Vy — Vi — st —IRp)(1 +1r)”" (Tb)

After differentiating Eqs. (7a) and (7b) with respect to f and
substituting into Eq. (1), the following expressions for
current as a function of time result:

I = Cs(1+Ir) — C(Ry + rVy + rst)(dI /dt)

! (1+1Ir)
for 0§t§V2;V1 (8a)
and
L= —Cs(1+1Ir) — C(Ry + 2rV22— rVy — rst)(dI/dt)
(1+1r)
for 2= Voo 22 = V1) (8b)
s s

A numerical solution, subject to the boundary conditions
of Eq. (4a) and (4b), may be determined using the Euler—
Cauchy method [20], since the change in current with time
may be expressed as

dl, Cslr+Cs—1—2Ir—Ir

dr CRy + CrV, + Crst

for 0<t< V—ZZ—V{ (9a)
and
dI, —Cslr — Cs — 2I*r — Pr?

dr ~ CRy +2CrV, — CrVy — Crst
Va-Vi_, _2AVa= Vi)

) - s

for (9b)

with an initial value of I,(# = 0) being assumed. The numer-
ical solution determined using Eqgs. (9a) and (9b), for given
R, and r = 0 was identical to the analytical solution calcu-
lated using Eqgs. (5a) and (5b).

3.3. Case for electrolyte being consumed during constant
current charging of the capacitor

The electrical response during charge/discharge is gov-
erned by Eq. (1), but becomes simplified in the case of
constant current to:

I
AV, =—=A
oA (10)

Given that the measured voltage includes the IR component,
it may be calculated simply as

Vi = Ve(1 +Ir) + IRy (11)

i.e. V,, is determined both by the intrinsic resistance, Ry, of
the electrolyte medium and its change with polarisation
potential expressed by r in Eq. (6).

4, Experimental
4.1. Comparisons with behaviour of real capacitor modules

In order to examine the validity of the simulation treat-
ments developed in Section 3, comparisons were made
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experimentally with the charge/discharge behaviour of two
specially fabricated, non-aqueous porous carbon electrodes,
described below. The experimental test procedures
employed CV conducted at various sweep-rates and dc
charge/discharge cycling at various currents.

The temperature for all experiments was 25 & 1°C. Elec-
trical connections to the modules from the potentiostat were
made in a two-electrode configuration, with one of the two
capacitor electrodes serving both as a counter and reference
(positive terminal).

4.2. Capacitor module fabrication

Type 14-50 (size R6/AA) hardware was used to construct
the sealed single-cell electrochemical capacitor modules
used in these tests. The porous electrode modules employed
1.0 and 040M tetraethylammonium tetrafluoroborate
(TEATFB) in dry propylene carbonate as electrolyte, as
described elsewhere [18].

5. Results and their interpretations
5.1. Calculated CV responses

5.1.1. Case of constant resistance (R,)

In Fig. 1, current responses are conveniently plotted as
reduced currents (/(V,,)/sC) as a function of measured
potential (V. + IR;), of a capacitative electrode exposed
to electrolytes having various constant electrolyte resis-
tances, Ry, between 0 and 50 Q, (C=1F, s =20mV s/,
Vi =0V, V; = 1V) as previously discussed in some detail
[21]. For sufficiently small resistance, Ry, the current
response is essentially that of a pure capacitor (Fig. 1 for
Ry — 1 Q). Increasing R, increases the IR, component and,
given a sufficiently large Ry, the overall behaviour of the
resistor/capacitor network becomes dominated by the resis-
tive component. Note also, that the form of the CV calcu-
lated for the constant resistivity simulation is symmetrical
with respect to an in-plane rotation of 180° which renders the
L/sC™" versus V response superimposable with the reverse
scan. This indicates that the beginning of discharge behaves
identically to the beginning of charge with the exception of
reversal in the direction of current.

Examination of the reduced current as a function of the
local electrode potential, V,, (Fig. 1b) illustrates, given a
sufficiently large resistance and resulting IR, loss compo-
nent, how the applied and actual potentials are significantly
different so that the actual sweep rate at the working
electrode and the effective range of applied potential is
far from what the experimenter intended. As well, the local
sweep rate, dV./d¢, for large Ry, is not constant, and the
I/sC™! versus V., response is not of the expected rectangular
form for a purely capacitative device.

Correspondingly, similar behaviour results with increas-
ing capacitance, C, and/or sweep rate, 5, while maintainin ga
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Fig. 1. Calculated cyclic voltammograms expressed as reduced response
current ({/sC) as a function of (a) measured potential (V. + IR;) and (b)
local working electrode potential (V,) calculated using Egs. (5a) and (5b)
forC=1FV, =0V, V, =1V,s=20mV s™'. () Indicates direction of
increasing Ry (1, 5, 10. 25 and 50 Q); (—>-) direction of voltammetric
sweep.

given fixed resistance value. In the former case, an increase
in device capacitance, C, results in an increase in the current
I passed (Eq. (1)), and hence an increase in the IR, losses. In
the latter case, at low sweep rate, I is small, so that IR, losses
are negligible, but as the applied sweep rate is increased, the
current increases, so that IR losses become significant. The
dependence of “effective” capacitance on sweep rate is
of particular importance as it provides an indication of the
rate performance of the electrode, i.e. a high sweep rate
corresponds to a high rate of charge or discharge of the
capacitor electrode, corresponding to greater power levels
of operation.

Importantly, these results show that even though the actual
capacitance of the working electrode is constant and inde-
pendent of either Ry or s, the “‘effective” capacitance, which
is determined by the IR, component, is not constant. Rather,
the effective capacitance decreases with increasing R, and/
or s, and is typically much less than C. Thus, less and less of
the “theoretical” charge capacity is accessible with increas-
ing Ry and/or s, leading to diminution of energy—density
and power—density of the device modelled by the above
equations.
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5.1.2. Case where R a linear function of the local working
electrode potential

We now examine, in some detail, the results of simulation
calculations for a capacitative electrode subject to increasing
electrolyte resistivity with increasing state-of-charge, i.e.
subject to a resistance component dependent on V. as
represented by Eq. (6). The effects of the variable resistance
on the CV response for three distinct cases are examined: (a)
constant s, C and r (the voltage-dependent component of
resistance), and various values of the so-called “fixed”
component of the resistance, Ry (b) constant s, C and Ry,
and various values of the voltage-dependent component of
resistance, ; and (c) various sweep rates for selected C, Ry
and r values.

Two cases each for s =20mVs~,, C=1Fand Ry = 1,
5, 10, 25 and 50Q are considered: the first taking
r=1QV !inEq. (6) and the second r = 5 Q V~L. Plots
of reduced current as a function of measured potential for
r=1Q V! together with that for r = 0 Q V!, for various
Ry, values are shown in Fig. 2a. The complementary plot of
reduced current as a function of local electrode potential is
shown in Fig. 2b.
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0 0.2 0.4 0.6 0.8 1
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Fig. 2. Calculated cyclic voltammograms expressed as reduced response
current (//sC) as a function of (a) measured potential (V + I(Ro + rV.))
and (b) local working electrode potential (V,) calculated using Egs. (8) and
9) for C=1F, V=0V, V, =1V, s=20mV s”'. Solid curves
r=1QV™" and symbols r=0QV~", () Indicates direction of
increasing Ry (1, 5, 10 and 25 Q); (—>-) direction of voltammetric sweep.

Upon examination of Fig. 2a, it is clear that, for a small r
to Ry ratio (r/Ry < 1 V), the anodic scan remains essen-
tially unchanged from that for the r =0Q V! case,
whereas the cathodic reduced current response is initially
more sloping (i.e. resistive). Toward the less positive poten-
tial limit of the cathodic scan, the reduced current response is
again superimposable upon the response for r =0 Q v
Note that the reduced current response for » = 1 Q V™' does
not exhibit the same symmetry as for the r = 0 Q V™! case.
From Fig. 2b, it is clear that the r component further limits
the upper voltage window of operation, and thus reduces the
power the electrode is capable of delivering.

If r is comparable to or larger than R, (Fig. 3a and b), then
both the anodic and cathodic reduced current responses are
modified. In this case, the anodic side of the CV has the same
general shape as for the case when r =0Q V™!, but the
maximum reduced current, I/sC™}, achieved is <1. Again,
the cathodic response at more positive potentials, is more
sloping and interestingly, the reduced current at less positive
potentials can be greater than I (Fig. 3 forr =5Q v~!and
Ry =1, 5, 10Q). For these cases, the plots of reduced
current as a function of local or measured potentials are
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Fig. 3. Calculated cyclic voltammograms expressed as reduced response
current (I/sC) as a function of (a) measured potential (V. + I{(Ry + rVe))
and (b) local working electrode potential (V) calculated using Eqs. (8) and
9) for C=1F V=0V, V, =1V, s=20mV s~ Solid curves
r=5QV~" and symbols r=0Q V7 () indicates direction of
increasing Ry (1, 5, 10 and 25 Q); (—>-) direction of voltammetric sweep.
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highly asymmetric, indicating that the local electrode
sweep rate, dV./dr, can, under certain conditions, be larger
than s.

In Fig. 4a, the charge capacity, Q in (As) calculated from
the CV’s shown in Figs. 2 and 3. The charge efficiency
determined as (Qoupud/Qinpur) X 100 was calculated to be
constant and approximately 100% for all values of R, and r.
The energy realisable on discharge of the capacitor elec-
trode, especially for cases of large Ry, will, however, be
much less than that involved in charging the same electrode,
thus corresponding to serious dissipative losses. This is
clearly shown in Fig. 4b in which the energies required
for charge and delivered on discharge are plotted as a
tunction of Ry. The energy efficiency, of course, decreases
with increasing Ry. For r/Ry < 0.5 V™!, the absolute max-
imum reduced anodic or cathodic current densities are <1,
and the CVs become more symmetrical.

In Fig. 5a and b, the effect of increasing the ratio of r/R,
on the reduced current as a function of reduced and local
electrode potentials, respectively, is examined for a given
constant sweep rate of 20 mV s_l, a constant capacitance of
1F, a fixed and significant value of Ry = 10 Q and /R,
valuesof 0,0.1,1,2,5and 7.5 V™. In Fig. 5c, the calculated
charge capacity (i.e. charge, Q) and the energy required for
charge and that delivered on discharge for the CV’s shown in
Fig. 5a and b.

Again, the CV response is not symmetric about the
I/sC = 0 line, and the degree of asymmetry increases with
increasing r value. As r is increased, the anodic scan
becomes more sloping and the maximum anodic current
achieved decreases as does the total charge. The cathodic
scan response is more complicated. Increasing r, initially
causes the cathodic response to be more sloping, and the
maximum reduced current to be >1, further increase of r
results in an even more sloping CV response, and reduced
currents <1. A plot of the reduced current versus local
potential (Fig. 5b) at the working electrode illustrates that
increasing r reduces the potential range over which the
working electrode actually cycles.

The effect of reducing the potential range over which the
working electrode cycles is shown quantitatively in Fig. 5c
in which electrode charge capacity is plotted as a function of
r. In fact, Q is a linear function of the magnitude of the
potential range over which the working electrode actually
cycles, AV,, as shown in the inset of Fig. 5¢. Although the
charge capacity decreases with r, the charge efficiency is
independent of r and approximately 100%. Both the energy
required for charge and that delivered on discharge decrease
with increase in r (Fig. 5d), as does the energy efficiency.

Finally, the effect of sweep rate on CV response for a
system defined by C=1F Ry=5Q, r= 100V~ and
s = 10, 20, 50, 100 and 200 mV s~ is shown in Fig. 6. At
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Fig. 5. Calculated cyclic voltammograms expressed as reduced response current (I/sC) as a function of (a) measured potential (Ve + I(Rg + rV.)) and (b)
local working electrode potential (V,) calculated using Egs. ®and 9 for C=1F V=0V, V, =1V, 5s=20mV s!, Ry = 10Q, symbols r =0 Q vl
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and (b).

low sweep rate (10, 20 and 50 mV s~ 1), the cathodic current
response deviates from the ideal rectangular response much
more than does the anodic response. Consider first the
anodic scan at low sweep rate; at low potential, the local
electrode potential is approximately the same as the
measured potential, and the electrolyte resistance is simply
Ro. At higher potential, however, the rV, component of the
resistance becomes significant resulting in a limiting value
for reduced current <1. This IrV, component then results
in a sloping cathodic current response which causes the
cathodic response over the full potential range to be far
from ideal.

As sweep rate increases, IR on both anodic and cathodic
sweeps increases and both anodic and cathodic responses
deviate from the rectangular ideal form, (s = 100 and
200 mV s~ ). Further, the voltage range over which the work-
ing electrode operates becomes greatly reduced (Fig. 6b), as
does the charge capacity of the electrode which falls from 1 C
at s=0mVs~', t0 0.12C at s =200mV s~'. Again, the
charge efficiency independent of s and 100%.

In Fig. 6d, the plot is of energy to charge and the energy
recovered on discharge as a function of s. Both quantities are
found to decrease with increase in s (i.e. decrease with
increase in charge/discharge rate), as is the energy efficiency
because increase in five results in an increase in both the IR,
and IrV, losses.

5.2. Calculated constant current charge/discharge
behaviour

Three cases are considered for a capacitative electrode
having a capacitance of 1F operating within a voltage
window of 1 V: (a) constant 1, r and various Ry; (b) constant
I, Ry, and various r; and (c) constant 7, R and various
constant currents.

5.2.1. Case (a)

As R, increases the “IR” step which arises at the begin-
ning of charge and discharge increases as seen in the Vi,
versus ¢ plots of Fig. 7a for second and subsequent charge/
discharge cycles of an electrode having C=1F
AV(measured) =1V, I=10mA, r=35 QV™! and
Ry =0, 1, 5, 10 and 25 Q. As a result, the total time of
charging to a given voltage limit (Vy, = V3) decreases with
increased R, (therefore, the electrode has less effective
charge capacity within a particular voltage window). Also,
the average voltage on charge is greater than the average on
discharge; as a result, power consumption during charging
will be greater than power available on discharge (i.e. watt-
hour efficiency will be low, and decrease with increasing
Ry), a significant practical conclusion. In Fig. 7b, the local
electrode potential, V., as a function of time during charge/
discharge between measured potential limits of 0 and 1 V.




64 W.G. Pell, B.E. Conway/Journal of Power Sources 96 (2001) 57-67
1 1
08 N 09 .
04 08
’ 0.7 1
i~ 02 > 0.6
(S Z
£ 021 = 0.5
=04 ~ 04 -
-0.6 1 0.3
-0.8 1 0.2 -
-1 1 01 ]
-1.2 T T T 0 : ‘ \
0 0.2 0.4 0.6 0.8 1 0 50 100 150 200
(2) V.1V (a) time /s
1
1 0.9 1
0.8 1 0.8 1
046 ¥ 0‘7 .
0.4 1 S 06 1
- 021 ~ 051
S0 SN
202 \ 0.4
™~ 04 0.3 1
0.6 1 0.2 -
-0.8 1 0.1
-1 A 0 T T T
-1.2 A r T - 0 50 100 150 200
0 0.2 0.4 0.6 0.8 1 () time / s
(b) A% Fig. 7. Calculated voltage profile for second constant current charge/

Fig. 6. Calculated cyclic voltammograms expressed as reduced response
current (//sC) as a function of (a measured potential (V. + I (Ry +1Ve))
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sweep. (c) Charge and (d) energy calculated from the CV’s shown in (a)
and (b): (@) charge cycle; (@) discharge cycle.

Clearly, the capacitative electrode is cycling within a
restricted potential range, which decreases with increasing
Ro. Note also that increasing R, both decreases the anodic
potential limit and increases the cathodic limit, thus redu-
cing the cycling window at both extremes of potential.

5.2.2. Case (b)

Fig. 8a and b plotted the V,, and V. versus ¢, respectively,
for an electrode defined by C = 1F, AV(measured) = 1V,
I=10mA, Ry = 10and rof 0, 10, 20, 35,50 and 75 Q V.
The IR drop on switching from discharge to recharge is
determined primarily by R, (except in the case of very large
r/Ro), while that for switching from charge to discharge is
due to the combination of r and R, terms. Interestingly,
however, the working electrode reversal potential on the
second and subsequent charge is determined by the magni-
tude of r. Again, increasing r will lower both watt-hour
efficiency (due to higher charging voltage as compared with
discharge voltage) and charge storage capacity (as r
increases the local working electrode cycling range
decreases).

discharge cycle as a fanction of time using Eq. (11) for C = 1 F, Vi=0V,
V=1V, I=10mA, r=5QV7" (a) measured potential
(Ve +1(Ry + #V.)) and (b) local working electrode potential (V.). (f)
Indicates direction of decreasing Ry (25, 10, 5, 1 and 0 Q).

5.2.3. Case (c)

The rate effects for a system having C=1F AV
(measured) =1V, Ry=5Q and r=10QV"! and
I =10, 20, 30 and 40 mA are shown in Fig. 9a and b for
measured and local electrode potentials, respectively, as a
function of charge (mAh) for second and subsequent charge/
discharges. The effective electrode charge capacity (Ah) and
effective capacitance (F) are both rate dependent. Capacity
(Ah) decreases with increasing I (and consequently increas-
ing IR). As the current increases the effective capacitance
increases, but over a progressively decreasing voltage win-
dow. The charging efficiency (Ah) remains relatively con-
stant with increasing I (>90%). Similar to the results shown
in Figs. 7 and 8, increasing rate results in a restriction of the
local potential cycling range. Similar trends are shown in the
three Figs. 7-9 where it is seen that each of increasing Ry, r
and [ results in an increase in the “JR” loss component.

5.3. Comparison with experimental results for specially
prepared non-aqueous carbon electrode supercapacitors

5.3.1. Cyclic voltammetry (CV)
The experimentally derived capacitance response voltam-
mograms for specially prepared [18] capacitor devices
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having 1.0 and 0.4 M TEATFB electrolyte are shown in
Fig. 10a and b, respectively, as a function of sweep-rate.

In Fig. 10a, for the 1.0 M electrolyte, the capacitance
behaviour approximates to ideal behaviour at the lowest
sweep-rate of 1 mV s~ ', ie. a voltammogram having an
almost rectangular form and mirror-image symmetry of the
current responses about the zero-current line is observed.
With increasing s the voltammograms become distorted
from the rectangular form expected for an ideal capacitor
having constant capacitance, similar to the calculated effects
shown in Fig. 1.

The CV response of the module made with 0.4 M elec-
trolyte, shown in Fig. 10b, for s =5, 10, 20, 30 and
40 mV s™!, exhibits behaviour similar to that calculated
for the significant resistance models of this study (cf.
Fig. 2). Here the capacitance response as a function of
voltage is nearly ideal at low sweep rate (5 mV s~ '), while
at higher sweep rates, becomes distorted. At high s, unlike
the ideal behaviour, the realised capacitance is both varying
with module voltage and increasing with decreasing s.

5.3.2. Constant-current charge/discharge behaviour
The observed constant-current charge/discharge beha-
viour is plotted in Fig. 11a and b for the respective capacitor
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Fig. 9. Calculated voltage profile for second constant current charge/
discharge cycle as a function of time using Eq. (11)for C=1F, V, =0V,
V,=1V, Ry=5Q, r=10QV™" (a) measured potential
(Ve + 1(Ry +1V,)) and (b) local working electrode potential (V.). (1)
Indicates direction of decreasing / = 10, 20, 30 and 40 mA.

modules discussed in Section 5.3.1, having 1.0 and 0.4 M
electrolyte, respectively, as a function of calculated cumu-
lative charge, Q, in As at constant current charge/discharge
rates of 1.33, 1.0, 0.67, 0.33 Ag_1 of carbon.

Note, even for the 1.0 M module shown in Fig. 11a, that
there is a small, but significant sharp drop in voltage on
changing from charging to discharging current and a sharp
increase at the start of the charging process. This is not due
entirely to a direct ESR effect but is also a characteristic
of redistribution of charge within the pores. The same
characteristic curve was demonstrated in [22] found for a
hardware, four-element model RC network, made with
relatively small resistive elements. Probe measurements
enabled redistribution of charge at each of the capacitor
elements in this hardware RC ladder network to be directly
observed experimentally [22].

Fig. 11b shows similar plots for the capacitors employing
the smaller concentration of electrolyte, 0.4 M. Here the IR
drops are significantly larger than those in Fig. 11a, and even
at the lowest rate of charge/discharge of 0.25 A, the charge
capacity of the 0.4 M electrolyte module is significantly
reduced from that of the 1.0 M module. This further illus-
trates that in the low concentration electrolyte modules the
local electrode potential range is much smaller than the
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Fig. 10. (a) Cyclic voltammograms, showing the current responses
expressed as capacitance, for the 1.0 M TEATFB electrolyte module as a
function of voltage over the voltage range 0-3 Vat 1,5, 10 and 20 mV s™';
arrow indicates direction of increasing sweep rate; (b) cyclic voltammo-
grams, showing the current responses expressed as capacitance, for the
0.4M TEATFB electrolyte module as a function of voltage over the
voltage range 0-3 Vat 5, 10, 20, 30 and 40 mV s~". (}) Indicates direction
of increasing sweep rate.

measured range. Thus, IR effects can result in reduced
energy— and power—density, and therefore, performance
characteristics of practical devices. A rate increase of
0.33-1.33 Ag™' of carbon results in a reduction of the
charge capacity from 0.99 to 0.72 As (30% reduction) for
the 1.0 M electrolyte device, and from 0.61 to 0.21 As (66%
reduction) for the 0.4 M electrolyte device. This results from
a restriction in the local electrode potential range as pre-
viously discussed, and leads to the practically significant
reduction in energy storage capacity and energy—density.

These features remain largely unrevealed in constant-
current charge/discharge curves for well engineered, prac-
tical capacitors having an optimised low resistance of elec-
trolyte, especially in the cases of aqueous electrolyte
embodiments.

6. Conclusions

Increasing s, r, or R, results in a decrease in the overall
charge storage capacity of the electrode. The ampere-

Fig. 11. The voltage response to constant current charging/discharging
currents of 1.33, 1.0, 0.67 and 0.33 Ag_l of carbon, as a function of
cumulative calculated charge (As) for a redox engineering 3V AA
electrochemical capacitor: (a) electrolyte concentration 1.0 M, and (b)
electrolyte concentration 0.4 M. () Indicates the direction of decreasing
current density.

hour efficiency remains, however, constant, at 100% for
all s, r and R, considered (i.e. ampere-hour input = ampere-
hour output). The energy efficiency (watt-hour output/
watt-hour input) was found to decrease with increasing s,
r or Ry. Any variation in s, r or Ry which increases the
asymmetry of the CV response, results in a decrease in the
available energy, and thus a decrease in energy—density
an operational energy efficiency. The modelling treatment
provides a good computational basis for interpreting
the experimental behaviour of selected capacitor test
modules.
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Abstract

Nickel metal hydride (Ni/MH) is presently the most promising battery system for electric and hybrid vehicle propulsion in the short and
mid-term. This paper presents the results obtained in the development of prismatic Ni/MH batteries for high power, mainly hybrid vehicle,

applications.

Valve regulated Ni/MH cells rated at 25 and 60 Ah have been designed and assembled using improved positive and negative electrodes.
Both types of cells showed excellent high rate discharge capability and fast rechargeability and a satisfactory charge retention when stored
and cycle life under deep cycling and hybrid vehicle working conditions. On the other hand, energy and power efficiency ratios were
improved in the 60 Ah cells. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Nickel metal hydride batteries: High rate applications; Hybrid vehicles; Electrical testing

1. Introduction

“There is a clear need for clean transportation means,
specially in the big cities. Air pollution and the “Green
House effect” are environmental problems that can force
European legislation into laws similar to the Californian
“Clean Air Act” (1988). However, the final acceptance of
zero-emission or hybrid vehicles will depend strongly on the
final performance of the batteries and on its acquisition price
and maintenance costs. Ni/MH is presently the most pro-
mising battery system for hybrid vehicle propulsion in the
short and mid-term.

During the last decade, the use of Ni/MH batteries [1] has
spread quickly for consumer applications, mainly for por-
table electronic equipment. However, power capability
should be improved to answer the increased power demands
of the different types of hybrid vehicles (range extender,
power assist), and even for the future conventional cars
with 42V electrical systems. The final acceptance of
hybrid vehicles will depend on the performance/cost ratio
achieved. Also in comparison to the outcome of competing
technologies for low and zero-emission vehicles, including
the efforts to reduce emissions in conventional gasoline

" Corresponding author. Tel.: 434-949-263-316; fax: +34-949-262-560.
E-mail address: soriaml@tudor.es (M.L. Soria).

combustion engines and the development of low emission
vehicles using alternative fuels such as natural gas.

This paper presents the results obtained in the develop-
ment of Ni/MH batteries for high power applications, mainly
hybrid vehicles. The work was carried out within a EU
funded project [2] aimed at the development of positive
electrodes using a novel type of nickel hydroxide charac-
terised by an irregular shaped grain structure and a high tap
density.

2. Experimental

The development of the positive and negative electrodes
for Ni/MH batteries has been reported previously [3,4]. Both
types of electrodes were prepared with three dimensional
nickel substrates in order to improve the high power cap-
ability of the electrodes by means of the conductive network
and with additives to decrease the electrode internal resis-
tance.

The nickel hydroxide doped with cobalt and zinc was
provided by R.B.C. and was prepared according to a novel
electrodialysis process [5], followed by ageing in a KOH
solution to promote the B-phase and increase crystallinity.
This material is characterised by a high tap density, an
irregular shape and a high BET surface area (35—
40m* g™"). It has been described as a highly defective

0378-7753/01/$ ~ see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Table 1
Characteristics of optimised positive and negative electrodes

Positive electrodes

Negative electrodes

Substrate type Ni foam
Weight (g m™?) 500

Electroactive material

Additives (%) Ni powder (15)
Co + CoO (5)
PTFE (3)

Arabic gam (0.7)

Preparation conditions Pasting + pressing

Ni(OH), doped with Co (1.5%) and Zn (3.5%)

Ni fibre
950

LaMM(Ni3‘4Mn0‘4A10_3C00,7) 52% La in MM

Extra-conductive black (3.2)
PTFE (1.6)
PVA (0.2)

Rolling + pressing

material, a fact that is associated with a complex electro-
chemical behaviour [6,7]. Doping with cobalt and zinc
improves the active material efficiency, cycleability and
high temperature performance [8,9].

The ABs alloy used for the negative electrodes was
supplied by GfE Metalle und Materialien with the standard
composition LaMM(Ni3 4Mng4Al3Cop7) (MM: misch
metal) [10]. A mechanical treatment of the alloy was
provided by the manufacturer to improve the material power
capability [11].

Different additives were used with the aim of improving
the performance of the active materials, in terms of con-
ductivity, adequate rheological properties for electrode pre-
paration and to avoid the active material shedding during
cycling. The positive and negative electrode preparation
conditions were finally optimised according to the materials
used and the high power demanding application. Table 1
summarises the characteristics and composition of both
types of electrodes.

As shown in the table, the positive active material [12,13]
included nickel powder and cobalt compounds to increase
conductivity, natural or synthetic polysaccharides to adjust
paste rheology thus improving processing conditions and
polytetrafluorethylene (PTFE) as binder of the particles, to
avoid active material shedding during battery manufacturing
and operation. In the negative electrodes, extra-conductive
blacks were used to increase conductivity and PTFE and
PVA as binders [14-16].

Table 2 shows the capacity ratios of the optimised elec-
trodes used in the assembly of Ni/MH prismatic cells.

Table 2
Capacity ratios of the optimised positive and negative electrodes
Positive Negative
electrodes electrodes
Capacity C/5 rate
mAh g~ active material 275 278
mAh g™ electrode 157 179
mAh ecm™ electrode 340 677
Capacity 7C rate
mAh g™ active material 132 180
mAh g~ ! electrode 75 116
mAh cm™ electrode 164 435

Two types of Ni/MH prismatic cells with stacked electro-
des have been assembled, with a nominal capacity of 25 and
60 Ah, respectively. Table 3 shows the main features of both
types of cells.

All the cell components have been specially designed to
achieve the maximum power drain (minimum electrical
resistance), with minimum weight and a valve regulated
maintenance-free system. Besides the electrodes, the separa-
tor and the valve have been studied as key components of the
cell to achieve the improved performance and maintenance-
free operation. A solution of KOH, 1.30g cm™ with
20 g 17! LiOH, was used as electrolyte in the cells, impreg-
nating the electrodes and separator. The incorporation of
lithium ions in the nickel lattice combined with the code-
posited cobalt, enhances the charge acceptance of the posi-
tive electrodes, specially at elevated temperatures, due to the
stabilisation of high oxidation states [17].

60

Table 3

Ni/MH cell design features and components

Nominal capacity (Ah) 25

Cell dimensions (mm") 80 x 34 x 133
Plate number (1) 12/11

Plate dimensions (mm?) 90 x 70
Separator

Electrolyte
Case and cover
Cell weight (kg) 0.89

SciMAT 700/14 (grafted polyolefine)
KOH 13gem™ + LiOH 20 g1
Stainless steel, 0.4 mm thick

114 x 45 x 158

15/14

110 x 105

SciMAT 700/14 (grafted polyolefine)
KOH 1.3 gem™ + LiOH 20 g1™!
Stainless steel, 0.4 mm thick

1.95
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Table 4
Electrical testing programme of Ni/MH cells

Testing conditions

Constant current discharges at different rates

Discharge at the xC rate, being x = 0.2, 0.5, 1, ..., 10 at room temperature

Constant current discharges at different temperatures  Discharge at the 1C rate at room temperature: 0 and 40°C

Power capability

Constant current charging at different rates
Charging efficiency for different states of charge
Rapid charge capability

Discharge during 10 s at the 10C rate and at different states of charge: 100, 80, 60, 40 and 20% SOC
Charge at the yC rate, being y = 0.2, 0.5, .. ., 4, with a charge factor of 120% at room temperature
Recharge the cells at the 1C rate with recharge factors between 50 and 120%

Discharge at the C/2 rate down to 40% SOC

Recharge between 40 and 80% SOC at the 2C, 5C and 8C rates

Self-discharge

Capacity retention after 48 and 120 h storage at room temperature and 40°C and after 28 days

storage at room temperature

Cycle life
assist profile
Recombination efficiency

Constant current conditions at the C/5 and 1C rates (100% DOD) and according to EUCAR power

Weight loss during cell overcharge at the C/20 rate

The separator must be characterised by a low internal
resistance, to achieve high rate performance (related to
thickness and porosity), small pores to avoid short-circuits,
high electrolyte absorption, good wettability and chemical
stability in alkaline electrolyte even at high temperature. On
the other hand, polypropylene non-woven materials grafted
with acrylic monomers show enough wettability and ionic
exchange capability during battery operation [18].

Valves are quite important elements of the cells, as the
internal pressure can rise during overcharge. The functions
of the valve are to protect the cell from entering oxygen, tokeep
H; gas in the cell (lower water consumption) and to ensure
opening as soon as the internal pressure limit is reached. The
valve isdesigned according to the pressure evolution inside the
cell during charge and discharge conditions.

Electrical testing of the Ni/MH cells has been carried out
with a computer-controlled cycling equipment (Bitrode
LCN-3-100-12) with modules CSM-6-100-12 for testing
individual cells. High rate battery discharges have been
performed with a Digatron UBT, BTS-500, model HEW
2000-6BTS. Data acquisition was performed with the soft-
ware available (Bitrode and Digatron) and with a data logger
Datataker 505. Temperature measurements were carried out
with thermocouples type J.

After cell formation and initial cycling at the C/5 rate (C
being the rated capacity of 25 or 60 Ah), the Ni/MH cells
were tested according to the conditions mentioned in Table 4.

3. Results and discussion

Battery testing conditions were defined according to the
nominal capacity of the cells, i.e. 25 and 60 Ah. Previous to
all the discharge tests, the cells were charged during 7 h at
the C/5 rate. Discharged capacities depend on the testing
rates and, at low rates (C/5), the figures obtained are around
110-115% of the nominal capacity.

Figs. 1 and 2 show the constant current discharge curves at
different rates, respectively. The results are referred to the
nominal capacity (25 or 60 Ah) of the cells. The maximum

battery capacity values obtained were 28.9 and 69.2 Ah at
the C/5 rate. After each discharge at the xC rate, the cells
were further discharged at the C/5 rate down to 1.0 V. As
shown in the figures, discharge duration depends mainly on
the discharge voltage, that means, on the internal resistance
of the cell. At the 8C rate, 73% of the real capacity, i.e. 84%
of the nominal capacity, is obtained when the 25 Ah cells are
discharged down to 0.8 V. The cells rated at 60 Ah deliver
56% of the nominal capacity when discharged at the 10C
rate down to 0.6 V. The cell temperature has been measured
during the discharges: the 60 Ah cells showed a temperature
increases of 6, 10, 14 and 20°C during the discharges at 120,
240, 420 and 600 A, respectively. Heating is mainly due
to Joule effect ascribed to the internal resistance of the
cells. The metallic container allows for an efficient heat
dissipation.

The internal resistance of the cells has been measured
both under AC (1 kHz) and DC conditions. The AC resis-
tance of the Ni/MH batteries is 1.6 mQ for the 25 Ah cells
and 1.2 mQ for the 60 Ah cells. The DC resistance has been
calculated taking into account the voltage drop of the cells
when discharged at two different rates: 1C and 8C for the
25 Ah cells and 1C and 10C for the 60 Ah cells. The values
obtained are 1.67 and 1.24 mQ, respectively.

In order to establish the temperature influence on the
discharge duration, the 60 Ah Ni/MH cells were discharged
at 60 A (1C rate) after 18 h storage at three different
temperatures: 0, 25 (room temperature) and 40°C. Referred
to the capacity obtained at room temperature, the cells
showed a 9% decrease in battery capacity at 0°C and a
10% decrease at 40°C.

The power capability of the Ni/MH cells was tested at
different SOC: the 60 Ah cells were discharged according to
a sequence of current peaks at 600 A at the 100, 80, 60, 40
and 20% SOC, followed by a discharge at 12 A (C/5 rate) to
reach the following SOC check point. The discharge curve is
represented in Fig. 3. On the other hand, Fig. 4 shows the
power values calculated at the different SOC.

Moreover, the AC internal resistance of the Ni/MH cells at
the different states of charge has been measured. The values
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Fig. 1. Constant discharge curves at different rates of Ni/MH cells (C = 25 Ah).

recorded indicate that there is no significant effect of the
SOC on the internal resistance as it increased 0.03 mQ
during the discharge.

The rechargeability test included constant current
charges at C/5, C/2, 1C, 2C and 4C, and the recharge factor

1,6

._.
KN
1

Cell Voltage / V
o

0.8

0.6 1

0,4

0.2

was 1.2C in all cases. After each charge, the cells were
discharged at the C/5 rate down to 1.0 V. Fig. 5 shows the
charge curves of the cells rated 25 Ah. The 60 Ah cells
showed similar charging curves. The temperature increase
during the charges of the 60 Ah cells was 5, 8, 10, 13 and

(0]

10C 7C

T T T T T T 1

60 70 80 90 100 110 120

Nominal Capacity / %

Fig. 2. Constant discharge curves at different rates of Ni/MH cells (C = 60 Ah).
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Fig. 3. Power capability discharge test of Ni/MH cells (C = 60 Ah).

25°C for the charges at C/5, C/2, 1C, 2C and 4C rates,
respectively.

The discharged capacity (at the C/5 rate) obtained after
each constant current charge for both types of cells is
represented in Fig. 6, where for comparison purposes the

capacity at the C/5 rate of the cells corresponds to a 100%
value, according to the following formula:

Capacity(Ah) at the yC rat
Discharged capacity(%)= apacity(Ah) at the yC'rate

= 100
Capacity at the C/5 rate(Ah) %

600 -

500 A

Power /W

400

300

200 4

100

T T

120 100 80 60 40 20 0

SOC/ %
Fig. 4. Power capability of Ni/MH cells at 600 A and at different states of charge (C = 60 Ah).
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Fig. 5. Constant charge curves at different rates of Ni/MH cells (C = 25 Ah).
The figure clearly shows that in both cases the best charging cells and then discharging at the C/5 rate down to 1.0 V.
efficiency is obtained when the cells are recharged at the 1C Fig. 7 shows the capacity discharged from the 25 Ah cells,
rate, and that up to 2C rate the values are over 100%. expressed as percentage of the nominal capacity after each
The charging efficiency for different SOC has also been partial charge. The charging efficiency obtained for the
calculated: charging at the 1C rate the previously discharged different charging ratios tested is higher than 95%, and
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Fig. 6. Discharged capacity after charging at different rates of Ni/MH cells (C = 25 and 60 Ah).
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Fig. 7. Charging efficiency of Ni/MH cells at different states of charge (C = 25 Ah).

around 97% up to 90% SOC. The 60 Ah cells show a similar
behaviour.

On the other hand, the rapid charge capability of the
60 Ah Ni/MH cells has been determined. The test was
performed by charging the cells with a high charge current
when between 40 and 80% SOC, and calculating, for three
different current values, the coulombic and energy efficiency
values. Prior to the test, the 60 Ah cells were discharged by
60% of the useful capacity at the C/2 rate, i.e. down to 40%
SOC. Then they were recharged at 120, 300 and 480 A (2C,
5C and 8C rates, respectively) up to 80% SOC. The dis-
charge duration at the C/2 rate t01.0 V was used to calculate
the recharge coulombic efficiency, which was higher than
90% for the range 40-80% SOC even at the 8C rate. Also the
energy efficiency ratios, which ranged between 74% for the
2C charge and 61% for the 8C charge.

The high efficiency values obtained in the high rate
rechargeability tests enable the definition of a quick charge
procedure, at least for a few minutes duration and at 80%
state of charge, to avoid temperature and internal pressure
increases.

The self-discharge test included the measurement of the
capacity retained after 48 and 120 h storage at room tem-
perature and at 40°C. The results obtained are satisfactory, as
the 60 Ah Ni/MH cells retained 93 and 90% of the initial
capacity after 48 and 120 h at room temperature and 90 and
86% after 48 and 120 h at 40°C, respectively. On the other
hand, the capacity retained by the 25 Ah cells on storage
during 28 days at room temperature was 93% of the initial
capacity value.

The cycle life performance of the Ni/MH batteries is
being tested, both under constant current conditions at the C/
2 and 1C rates (100% DOD) and in special tests simulating
the hybrid vehicle working conditions (power assist profile
of the EUCAR specification). To date the results obtained
are satisfactory.

Finally, the recombination efficiency of the valve regu-
lated design has been tested by overcharging the Ni/MH cell
at the C/20 rate after a complete charge. The cell has been
weighed periodically, and the weight loss figures have been
used to calculate the recombination efficiency, considering
that if the current were used for the water electrolysis
process, each Ah charged would represent a water consump-
tion of 0.3361 g, according to the following formula:

Recombination efficiency (%)
1 weight 1
(- Rea Welgh 0ss % 100
Current equivalent water loss

Test results show clearly that the recombination efficiency is
nearly 100% during the whole test.

4. Conclusions

Valve regulated Ni/MH prismatic cells rated at 25 and
60 Ah have been designed and assembled using high per-
formance electrodes. The cells show excellent high rate
discharge capability when on continuous discharges up to
the 10C rate, due to the high kinetically active materials




M.L. Soria et al./Journal of Power Sources 96 (2001) 68-75 75

and the optimised design of all the components to give a
low value of internal resistance.

The high efficiency values obtained in the high rate
rechargeability tests enable the definition of fast charge
procedures up to 80% SOC withouta significant temperature
and internal pressure increase. The Ni/MH cells show alsoa
satisfactory performance under deep discharge cycling and
when tested to simulate power-assist hybrid vehicle working
conditions. The charge retention when stored, even at
high temperature, is good. Also, recombination efficiency
is nearly 100%, which allows for a maintenance-free
operation.

Work performed up to date on the development of pris-
matic Ni/MH cells for high power applications encourages
further studies in order to optimise energy and power battery
ratios (Whkg™' and W kg™"), thus promoting their use for
hybrid vehicles and 42V automotive electrical network
systems. However, these applications require the develop-
ment of battery management systems with algorithms to
control continuously the SOC and the state of health (SOH)
of the battery. Finally, a battery thermal management can
avoid temperature increase during the high rate charging and
discharging processes, by means of a forced air draught
cooling system.
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Abstract

For several applications, batteries with a high power/energy ratio are required. In order to meet these requirements, alkaline batteries
based on fibre structures and hydrogen storage negative electrodes that are arranged in bipolar stacks, can be used. The bipolar stacks are
designed to provide comparatively high voltages, e.g. 12, 36 and even 110 V. These stacks display electrochemical characteristics of a
typical battery but are able to provide high power densities. This paper compiles data obtained from such storage units. © 2001 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Nickel/metal hydride (Ni/MH) batteries are considered to
be a substitute to the widely used nickel/cadmium accumu-
lators. In comparison to nickel/cadmium accumulators a
higher energy density can be obtained. For large cells in
industrial applications the costs resulting from the use of the
expensive hydrogen storage alloys play an important role in
the acceptance of such batteries.

Therefore, one way for economic application consists in
a special design that enables high power rates but with
moderate or even small battery capacities. The aim of our
investigations was to increase the power/energy ratio of a
Ni/MH battery. Potential fields for applying such bipolar
nickel-metal hydride batteries are power equalising, modern
net structures for automotive applications and electric hybrid
vehicles.

Conventional batteries are made of single cells connected
in series. Thus, each cell is equipped with passive material
such as cell walls, connectors etc. Looking back to the very
beginning of electrochemical energy storage, Volta’s pile
was designed to obtain high voltages by connecting cells
together via bipolar connecting plates [1]. We have tried to
use the ideas of such a concept to build an accumulator based
on the electrochemical nickel-metal hydride couple. The

" Corresponding author.
E-mail address: hoppecke.gtg.ohms @online.de (D. Ohms).

advantage of this design is that the cross-section for the
electric current collectors is the same size all over the bipolar
stack. There is no need for highly conducting support
structures in the electrodes. The connecting bipolar plate
can be made from an extremely thin metal foil or another
electronically conducting material. The bipolar plate has to
provide sufficient electronic contact but also has to prevent
any electrolytic bridges between adjacent sub-cells (our
term for the unit cell in a stack).

In the past, several attempts have been made to realise
such a concept of bipolar stacks. Several difficulties
involved have so far prevented a wide technical solution.
The reasons are as follows:

o Losses of power due to contact resistivity.

e Electrolytic bridges between sub-cells because of spilling
or creeping of electrolyte.

 Limited amounts of the electrolyte in the sub-cells.

e Problems with the sealing of adjacent sub-cells.

e Differences of gas pressure in the sub-cells.

e Corrosion of the bipolar plate due to the electrolyte.

It has been shown that electrochemical systems based on
simple ion transfer and not involving the electrolyte in the
overall cell reaction are favoured for use in bipolar stack
designs. As electrolytic resistivity will strongly influence the
stack behaviour, we expected that the Ni/MH couple would
perform better than cells with non-aqueous electrolytes. At
the moment, hydrogen storage alloys of the ABs type can

0378-7753/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.

PIl: S0378-7753(01)00569-9




D. Ohms et al./Journal of Power Sources 96 (2001) 76-84 77

provide comparatively low equilibrium pressures at given
state-of-charge and temperature. Accumulatorenwerke Hop-
pecke and Kurt-Schwabe-Institut fiir MeB- und Sensortech-
nik e.V. Meinsberg have a joint programme to study the
bipolar Ni/MH storage systems, continuing former work [2—
5] at Deutsche Automobilgesellschaft mbH.

2. Experimental

Fig. 1 displays a scheme of the bipolar arrangement.
Bipolar stacks were build using positive electrodes prepared
using fibre structure technology at Hoppecke Batterie Sys-
teme GmbH, in a manner rather similar to the conventional
production of positive electrodes for FNC batteries. The
differences lie in the specific amount of active material
related to the electrode size and the smaller thickness of
the bipolar electrodes.

Depending upon the demanded power output required, the
electrode thickness of bipolar cells can be varied between 1
and 0.5 mm. Most of our stacks are made from 0.7 mm
positive electrodes. As all cells are discharge-limited by the
positive electrodes, it is necessary to make the electrodes
very uniform with respect to their capacity. The laboratory
stacks were based on electrode areas of 72.5 cm? giving an
electrical capacity of about 1.7 Ah.

Larger stacks with capacities of about 7 Ah are under
construction for extended field tests. Non-woven polyamide
or poly-hydrocarbons can be used as separators. The bipolar
connecting plate is made of nickel. Negative electrodes were
prepared in the laboratory using a commercial hydrogen
storage alloy and pasted with a binder onto a metallic
support. Stacks have been built in plastic as well as metallic
containers of appropriate size. The electrolyte is KOH of a

concentration of 8.5 mol 17", The stacks are equipped with
sensors for temperature and gas pressure (Fig. 2).

Electrical tests were carried out with DIGATRON battery
testing equipment. Some of the experiments were carried out
in a climatic chamber so that the temperature of the air
around the stack could easily be adjusted to various condi-
tions.

An additional experimental set-up for three bipolar stacks
was equipped with a fan to provide constant cooling. The
same equipment was used for those experiments in which
several bipolar stacks were connected to form units having a
higher voltage or higher capacity. Thus, power systems with
voltages up to 310 V were built and operated.

3. Electrochemistry of Ni/MH batteries

The electrochemistry of the Ni/MH system can be dis-
cussed as an ion transfer system with only hydrogen ions
being used for the transfer of charges (Fig. 3).

At the negative electrode, an equilibrium between hydro-
gen stored in the alloy and the gaseous phase in contact to the
electrode material is established. Therefore, gas pressure is
changing depending on the state of charge of the negative
electrode and the temperature. In a stack, the temperature of
the sub-cells is never completely uniform, so the hydrogen
pressure may differ between individual sub-cells. In order to
solve this problem we have designed the stack in such a way
that the gas pressure between the sub-cells is equalised.

During overcharging, the oxygen formed at the positive
electrode limits the state of charge of the negative. In case of
a deep discharge leading to a reversed voltage, the nickel
hydroxide electrode may form hydrogen, but this is con-
sumed at the negative. By this mechanism the negative

[oXe X ]

negative electrode

separator «

bipolar

positive electrode

connecting plate

Fig. 1. Schematic diagram of a bipolar arrangement.
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Fig. 2. Laboratory bipolar stack. 36 V, 1.7 Ah.

electrode is protected from oxidation as long as the current
remains small.

4. Results
4.1. Constant current cycling of bipolar stacks

Apart from the higher voltage, the bipolar stacks display
almost the same electrochemical behaviour as conventional
Ni/MH cells. A significant difference lies in the arrangement
of the electrodes. In conventional cells the electrodes are
arranged in such a way that both sides of the electrodes
contribute to the overall current. In a bipolar stack only one
side of electrode is exposed to the counter electrode. As a
consequence, the (geometric) current density of a bipolar
electrode is twice that in a comparable conventional cell.

The pressure and voltage response during a typical cycle
of a 12V, 1.7 Ah bipolar stack is given in Fig. 4.

In practice, the internal pressure can be used to terminate
the charging process. By doing so, the charging current can
be increased. As an example, Fig. 5 demonstrates the voltage
curves whilst cycling the stack at the 0.4 C rate of charge and
1 C rate of discharge, but limiting the stack pressure to
1.3 bar.

negative electrode

disch.
Me(H)

charge

Me

desorption
Me(H) — > Me + 12H,

adsorbtion

Of major interest is the behaviour of Ni/MH stacks at
lower temperatures. In addition to the electrochemical reac-
tion processes, the gas desorption and the mobility of stored
hydrogen are retarded. As a consequence, the performance
of Ni/MH cells is limited at these conditions. By optimising
the electrode materials it is possible to extend the working
range down to —20°C. In Fig. 6 curves at various
temperatures of a bipolar stack discharging at the 1 C rate
are given.

4.2. Pulse discharge and stack resistance

In some applications, higher currents are demanded.
Normally these currents are demanded only for short time
intervals In Fig. 7 the voltage response of a 12 V bipolar
stack is plotted versus time for different regimes of pulsed
current. It can be seen that the major part of the voltage
decay occurs in the early part of the pulse.

The stack shows a very small internal resistance. The
value of the internal resistance is rather constant over a wide
range of the state-of-charge (SOC) as seen in Fig. 8. In order
to compare cells, the resistivity is normally given related to
capacity and for each bipolar cell.

Using a 10 C dc current (17 A for a 1.7 Ah stack) after 1 s
of polarisation, a resistance of about 20 mQ Ah or about

electrolyte positive electrode
H+ disch.
a— NiOH — NiOH
— 2 charge 22

Fig. 3. Electrochemical and chemical reactions in a nickel/metal hydride cell.




D. Ohms et al./Journal of Power Sources 96 (2001) 7684 79
16 12
| T
12V, 1.7Ah bipolar stack —
15 0.2 CNA charge; break 20 min; 0.2 CNA discharge 10
14 u // 08
" =
o / a
8ol /0 /\N\ :
S 13 06 3
s X 3
s/ N :
2,0 /o \ O 2
'
12 04 2
11 P = \ 0.2
™ —
\
10 0.0
£ -4 -2 0 2 4 6

refative time [h}

Fig. 4. Pressure and voltage during a typical cycle of a bipolar stack (12'V, 1.7 Ah).

0.86 Q cm? per sub-cell can be computed from the voltage
drop.

We were able to discharge stacks using current pulses up
to the 30 C rate [6,7].

There is a certain change of the internal resistance during
continuous cycling. At the beginning, the internal resistance
decays slightly. After much cycling with high currents, an
increase in resistivity was found after more than 600 cycles.
It was caused by a partial (reversible) water loss from the
sub-cells (See Fig. 9).

4.3. Electrical cycling and thermal behaviour of bipolar
stacks to an hybrid electric vehicle regime

In hybrid automobile applications the bipolar stack
would be used to store or deliver energy steadily between
the main energy source (internal combustion engine or fuel
cell), and the consuming equipment. Using a powerful
storage battery can reduce the peak power needed from the
main energy supply and can store energy available from
braking.

16

15

1 charge !__é_// /

13 |- 2 '/
o

ey .
o 12 —— discharge
& el
5 ul 2
[
o {! :
s
9 +————charge: 0.4 C-rate, limited at an absolute pressure of 1.3 bar
| emq...discharge 1 Crate S
8 R S E SO S
0% 20% 40% 60% 80% 100%
SOC [%]

Fig. 5. Voltage of a 12 V, 1.7 Ah bipolar stack during 450 cycles of 0.4 C rate of charge, limited by a stack pressure of 1.3 bar and 1 C discharge.
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Fig. 6. 36 V, 1.7 Ah bipolar stack discharged at the 1 C rate at various temperatures.

As an example, we have designed a cycling sequence
based on a 5 C rate of charge and discharge with a cycle
depth of 10% from an initial 60% SOC. There are 5 s
intervals between each charge and discharge. The sequence
is repeated at least 100 times. This cycling sequence is
shown in Fig. 10a.

During the repetitive cycling, a stationary state is
achieved (Fig. 10b). The Ah efficiency was determined
by measuring the remaining capacity after the cycling
programme and it was very close to 98.7%. The energy
efficiency amounted to about 90%.

Due to the energy losses while operating the bipolar stack,
a temperature raise is observed. In order to provide for
continuous operation, a thermal management system is
required. In an experimental set-up the stack is exposed
to a stream of air. The air originates from the surroundings at
a rather constant temperature and flows over the cylindrical
wall of the bipolar stack. The internal temperature of the
stack was measured at the approximate top of the stack.
After an initial period, the temperature becomes constant
indicating that the heat produced in the stack is similar to the
heat dissipated by the cooling device. Depending upon the
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Fig. 7. Selected pulse discharge curves of a 12V, 1.7 Ah bipolar stack.
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Fig. 8. 5 C Pulse discharges at the 5 C rate for a 36 V, 1.7 Ah bipolar stack at 20°C and at —10°C. Upper curves: voltage response at 20°C and —10°C. Lower
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temperature, the equilibrium pressure in the stack also
reaches almost a steady value Fig. 11.

4.4. Self discharge of a bipolar stack
The rate of self-discharge of a bipolar Ni/MH stack is
mainly determined by two processes:

1. Decomposition of higher oxides in the positive electrode.
2. Electrolytic bridging across the bipolar plates and the
walls between adjacent cells.

As is known from nickel/cadmium accumulators, the rate
of self discharge depends upon the state of charge and the
temperature.

40

At the beginning of our studies, electrolytic creepage
between sub-cells was not completely eliminated. After
improving the design, the self-discharge was reduced to
the level found in discrete cell designs.

Fig. 12 gives the residual capacity of a fully charged
bipolar stack following various periods on open-circuit at
25°C.

4.5. Changes to the negative electrode during cycling

It was observed that the negative electrode displays some
changes during prolonged cycling [8]. After such experi-
ments we have investigated the electrodes by scanning
electron microscopy. The SEM photographs (Fig. 13a and b)
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Fig. 9. Long-term specific resistivity of a sub-cell in a 12 V, 1.7 Ah bipolar stack. Data were computed at one and ten seconds into the fifth pulse of 2 10 C
pulse discharge sequence. Note that early variations are due to different cycling conditions.
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Fig. 10. (a) A 36 V, 1.7 Ah, bipolar stack initially at 60% state-of-charge
on a regime representing a hybrid vehicle requirement. Cycling sequence:
5 C charge for 72s. 5s open-circuit, 5 C discharge for 72s. 5s open-
circuit; (b) Hybrid cycles with a 36 V, 1.7 Ah bipolar stack, showing
voltages and energy efficiency.

display some changes in the shape of particles of the
storage alloy. It is likely that the particle size becomes
reduced due to cracks formed as a result of mechanical
tensions.

The reason for this could be the change of volume of the
alloy during absorption and desorption of hydrogen. The
change of particle size does not influence the electric
behaviour. Single cell tests give a cycle-life expectancy at
25°C of more than 2000 cycles at100% DOD.

5. Conclusions

Bipolar Ni/MH stacks are an appropriate device for
electric power storage. They can operate with relatively
high energy efficiencies. Discharges at low temperature
are limited by transport processes. The properties of the
stack can be tuned by variation in the electrode thick-
ness in such a way that even high power/energy ratios
can be obtained. Stacks of higher voltage can be built
and operated. A way to overcome the limit of the
restricted capacity of individual stacks may be by par-
alleling. The pressure in the stacks depends upon the
state of charge of the negative electrode. For an appli-
cation in hybrid vehicles, a thermal management system
is needed to protect the battery from overheating. It has
been shown that excess heat can be removed by an air
stream arranged to flow constantly around the stack. The
bipolar stack design could be an alternative for power
storage in hybrid cars and the new automobile board net
structures.
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Fig. 11. Temperature and pressure profiles of a 36V, 1.7 Ah bipolar stack during hybrid cycling in a experimental set-up with air-cooling (power

consumption of fan: 0.9 W per stack). Ambient air temperature: 22°C.
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Abstract

The development of hydrogen storage electrode alloys in the 1980s resulted in the birth and growth of the rechargeable nickel hydride
(Ni/MH) battery. In this paper we describe briefly a semi-empirical electrochemical/thermodynamic approach to develop/screen a hydrogen
storage alloy for electrochemical application. More specifically we will discuss the AB, Ti/Zr-based alloys. Finally, the current state of the
Ni/MH batteries including commercial manufacture processes, cell performance and applications is given. © 2001 Elsevier Science B.V.

All rights reserved.
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1. Introduction

In the 1970s, studies of the hydrogen storage alloys and
metal hydride technology were initiated and developed
[1,2]. One of the fruits of these studies was their electro-
chemical applications, more specifically the development of
commercial hydrogen storage electrodes and the recharge-
able nickel hydride batteries in 1980s [3-13]. The rapid
growth of wireless 3C-industries (communication, computer
and consumer electronics) helped the mass production of
commercial nickel hydride (Ni/MH) batteries. In 1999, the
sales of Ni/MH cells were estimated to be about 900 million
cells.

In this paper, we will review and discuss the development
of high capacity and long-life hydrogen storage electrode
materials as used for the commercialization of Ni/MH
batteries.

2. Metal hydrides for applications in Ni/MH batteries

A hydrogen storage material, M, can form hydride, MH,,
by the interaction with hydrogen gas and/or electrochemical
method as shown in Eqgs. (1) and (2):

M(s) + 3 xHa(g) @ MH(s) )
M + xH,0 + xe” 2MH, + xOH™ 2)

However, not every hydrogen storage alloy can be charged
and discharged electrochemically as givenin Eq. (2). As the

active material of a hydrogen storage electrode, a hydrogen
storage alloy has two major roles: an electrochemical cat-
alyst for the charge/discharge of hydrogen and a hydrogen
storage reservoir/source. Therefore, a good hydrogen sto-
rage (hydride) electrode material must meet the following
criteria:

1. high reversible hydrogen storage capacity, i.e. >1 wt.%;
2. good electrochemical catalyst for hydrogen charge
(reduction/absorption) and discharge (desorption/oxida-
tion);
. easy activation;
. excellent corrosion resistance in alkaline electrolyte;
5. suitable hydrogen equilibrium pressure, not higher than
5 bar at 25°C;
6. good charge/absorption and discharge/desorption ki-
netics and efficiency;
7. long cycle life;
small hysteresis in charge/discharge isotherms;
9. low cost.

S~ W

®

3. The development of commercial hydrogen storage
electrode alloys

3.1. Three main stages of hydride electrode alloy
development

1. The concept of hydrogen storage alloy for electroche-
mical application began in the 1970s [5-13]. Some

0378-7753/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
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AB- and ABs-type hydrogen storage materials were
known, such as TiNi, TiFe, LaNis and these were
tested. However, these alloys are either difficult to
activate, have a short cycle life, and/or low capacity.
Therefore, they are not suitable for the commercial
application.

2. Later, in the early 1980s, Hong and co-workers [3,4]
first studied the Ti/Zr-based AB,-type Ti/Zr-V-Ni-M
systems. These alloys include the following three
families: (a) TiV,_Ni,, (b) Ti;_,Zr,V,_Ni, and (c)
Ti; _Cr,V,_,Ni, [3,4], which became the basis of
Ovonic’s Ti/Zr-based AB,-type alloys. The capacity of
these alloys is up to 450 mAh g~ ' at 25 mA g~ ! current
density. Among these three families, the Ti-V-Ni alloys
studied have high capacity, but short cycle life.
However, the Ti—Zr-V-Ni and Ti-Cr-V-Ni alloys have
a long cycle life. The microstructures of these alloys
generally are multiphase and crystalline, consisting of a
hydrogen storage phase and one or more electrochemi-
cal catalytic phases [14]. On the other hand, about the
same time as Hong, Willems et al. [15] reported the rare
earth-based ABs-type Ln-Ni-Co-Mn-Al alloys. These
cobalt-containing alloys have less capacity than LaNis,
but have a good cycle life. These early 1980s studies in
Ti/Zr-based AB,-type Ti/Zr—V-Ni-M systems and rare
earth-based ABs-type Ln—-Ni-Co-Mn-Al alloys opened
the window for the commercialization of rechargeable
nickel hydride batteries.

3. Finally, in late 1980s and early 1990s, Hong [16] and
Gamo et al. [17] independently studied AB,-type multi-
component alloys away from the stoichiometric restric-
tion of AB, and ABj types. As a result, more new alloys
having improved performance including more capacity
and/or long cycle life were developed.

3.2. A semi-empirical method for developing a hydrogen
storage electrode alloy

Hong [16,18-21], based on the thermodynamic and elec-
trochemical studies, presented a semi-empirical method to
develop good AB,-type multi-component hydrogen storage
electrode alloys. In this approach, a potential candidate
alloy, A,B,C.. .. for a rechargeable hydrogen storage elec-
trode has to satisfy three basic conditions:

1. A;B,C.... contains at least 5-85 at.% of Ni, preferably
15-65 at.%;

2. contains at least 10-80 at.% of hydride formers selected
from Ti, Zr, and rare earth metals, preferably 15-
65 at.%;

3. contains 0.1-15% of two or more modifiers preferably
selected from but not limited to the group of V, Nb, Mg,
Ca, Hf, Mn, Cr, Co, Mo, Cu, Al, Sn, Bi, Si, Sb, Fe, Zn
and Ag;

4. the calculated heat of hydride formation Hj, is between
—2.5 and —10.50 kcal mole ™! H. When the elements A,

B, C, ... are chosen, a set of atomic ratio, a, b, c, . .. can
be obtained by the following equation:

aHh(A) -+ th(B) + CHh(C) + .-
2a+b+c+--)
where Hy(A), Hy(B), Hi(C), ... are the heat of formation of
hydrides of metals A, B, C, ..., respectively, in the unit of
kcal mole ' Hy; K is a constant depending on the heat of
formation (HY) of the alloy, A,B,C.... and the heat of
mixing (H;") of the hydride AH, BH, CH, ..., as shown
in Eq. (4):
aHy,(A) + bH,(B) + cH,(C) + - -
2@a+b+c+---)

Hy = +K 3)

Hy = +H C))
The values of K were given as 0.5, —02 and
—1.5kcal mole™ H for a+b+c+--- equal to 2, 3 and
6, respectively [15,20]. Fora + b + ¢ + - - - not equal to 2, 3
and 6, it can be normalized to 3 for Ti/Zr-based alloy and 6
for rare earth-based alloy before calculation. The heats of
hydride formation of metals, in kcal mole ™! H,, are given as

Hy(Mg) = —17.9, Hy(Ti) = —-15.0, Hy(V) = -7.0,
Hh(CI’) = —1.81, Hh(Mn) = —-2.0, Hh(Fe) = 40, Hh(CO)
=3.5; Hy(Ni) = 1.8, Hy(Al)=—1.38, Hy(Y)=—-27,
Hy(Zr) = —19.5, Hy(Nb) = —9.0, H,(Zr) = —19.5, H,
(Hf) = —19.5; H,(Pd) = —4.0, Hp(Mo) = —1.0,
Hy(Ca) = —21.0, Hy(Si) = —1.0, Hy(C) = —1.0, H,(Cu)
=2.0, Hy(Ta) = —10.0; Hy(rare earth metals) = —27.0,
Hy(Li) = —21.0, Hy(Na) = —13.4, H,(K) = —13.7, H,
(Rb) = —12.5, Hy(B) = 2.83; H},(Sn) = 2.05, H,(Sb) =
5.5, Hy = —20.2, Hy(Sc) = —28.9, H,(Zn) = —1.2, H,
(Ag) = 1.0, Hy(S)=-10, Hy(N)=—-0.5; H,(W)=
—0.50, Hy(P) = —0.30.

This semi-empirical approach is totally free of any crystal
structure restriction and has been found very useful in
developing new Ti/Zr transition metal-based and rare
earth-based electrode alloys [16,18-26]. Table 1 lists some
useful hydrogen storage electrode alloys including both Ti/
Zr-based and Mm-based alloys (Mm is the mischmetal, a
mixture of rare earth metals).

However, it should be noted that

1. for the Ti/Zr-based alloy the heat of hydride formation is
preferably in the range between —4.5 and
—8.0 keal mole™ " H;

2. for the rare earth-based alloys, the boundary of the heat
of hydride formation is between —2.35 and
—4.80 keal mole™' H;

3. for high rate applications, the nickel content is no less
than 35 at.%, preferably greater than 43 at.% for the Ti/
Zr-based alloy and no less than 50 at.% for the rare
earth-based alloy. Table 2 shows the comparison of the
electrochemical performance between the AB, Ti/Zr-
based and AB, rare earth-based alloys.

Furthermore, based on this approach, we found that a Ti/
Zr-based alloy having a calculated heat of hydride formation




K. Hong/Journal of Power Sources 96 (2001) 85-89 87

Table 1

The capacity (mAh g~ at 100 mA g”") of some AB, hydrogen storage electrode alloys

Alloy no. Composition C (mAh g™ h H,, (kcal mole™ 'n
601 Ti oZr2Ni3sCrs sMny sVasAly o 375 -7.10
602 TigZr>oNigCrs gMnygoV3oMms o 360 —7.01
603 Ti24Zr, 7Ni4 1 Crz_oMnTngloAlo_o 358 -6.90
604 Ti 1 22T27Ni4gcr] .5Mn8_0V] stmgln 354 —6.90
605 TingggNi_wCern 1 osz‘oMmz‘() 322 —6.86
606 Ti 1 ()ngoNiz;gCI‘] _7Mn740Nb3.0Hf0_3 334 —6.80
607 Ti 1 ()ZI'Z()Ni47CI'2.0MI18_()V4_()A11 0 342 —6.70
608 TisoZr gNigoCrs oMng 6V7.0Al o 335 —6.65
609 TizoZroNis7Cry oMny oNbs o 308 —5.94
610 Mm,7Ni(,1_6Co|3_5Mn(,.7A12‘2 285 —4.71
611 Mm; 6 3Nisg sC0;2.4Mng 7AlL s 280 —4.72
612 Mm  4Nig4.0C010.4Miy gAly o 295 —4.44
613 Mm16_4Ni60C014Mn4_9A14‘7 275 —4.52
614 Mm;Ni74Sns oMny oMo, o 285 -4.53
615 Mm¢NisgCooMng 4Als 0 Ti; 0 295 —4.81
Table 2 Overall reaction:

Comparison of the electrochemical performance of AB, Ti/Zr-based and
AB, rare earth-based alloys

Performance Ti/Zr-based alloy Rare earth-based alloy
Capacity (mAh g™ ") 230-430 230-310

Electrode preparation Dry pressing Dry or pasting
Pre-assembly activation ~ Generally required Not needed

Rate capability Good/excellent Excellent

Cycle life Good/excellent Good/excellent

more negative than —6.5 kcal mole " H can have an elec-
trochemical capacity of 340-430 mAh g~ ! and that a Ti/Zr-
based alloy having a calculated heat of hydride formation
between —6.0 and —4.5 kcal mole™" H will only have an
electrochemical capacity of 230-310 mAh g~!, the same
range as that of rare earth-based alloys. In later case, the rate
capability and working potential of a Ti/Zr alloy is similar to
that of a rare earth-based alloy.

4. The Ni/MH, battery

The combination of a hydride electrode with a nickel
positive electrode forms a Ni/MH cell. The electrochemical
reaction of a Ni/MH cell can be represented by the following
half-cell reactions.

4.1. Normal charge reactions (forward reaction is
charging, the reverse reaction is discharging)

Nickel (positive) electrode:
xNi(OH), + xOH™ 2xNiOOH + xH,0 + xe™ )
Hydride (negative) electrode:

M + xH,0 + xe" 2MH, + OH~ (6)

xNi(OH), + M=2xNiOOH + MH, N

4.2. Over-charge

In the construction of an actual cell especially a sealed
cell, the capacity of the hydride negative electrode is higher
than that of nickel positive electrode. In this positive-limited
cell, oxygen evolution will occur in the positive electrode
during over-charge. The oxygen generated will diffuse to the
hydride negative electrode to combine the hydrogen to form
water as indicated in Eqgs. (10) and (11). This is the so-called
oxygen recombination in a cell. Therefore, the internal
pressure build-up will be eliminated or reduced substan-
tially.

Nickel electrode:

2yOH™ 2yH,0 + $y0; + 2ye” (8)
Hydride electrode:

MH, + 2yH,0 + 2ye” 2MH, ., + 2yOH" )]

1y0; + MH, 15, 2MH, + yH,0 (10)

0, + 2H,0 + 4e~ 240H"~ (11)

1pO2MH, 5,0, + rH; (12)

qH,0 + ge~ 2qOH™ +14H, (13)

4.3. Over-discharge

For a positive-limited and negative-pre-charged Ni/MH
cell, hydrogen evolution will occur at the nickel electrode
during over-discharge. The hydrogen generated at the nickel
electrode will diffuse to the hydride electrode and be
absorbed by the alloy in the electrode. Thus, the hydride
electrode will not be oxidized and no internal pressure is
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build-up. These reactions are given in the following equa-
tions:
At the nickel electrode:

PH20 + pe”=2pOH™ + 1pH, (14)
At the hydride electrode:

H, +pOH @M + pH,0 + e~ (15)

M +1pH,=2MH, (16)

During a prolonged and/or in a high current over-discharge,
the hydrogen recombination rate at the hydride electrode is
generally not fast enough to keep recharging the hydride
electrode. Therefore, the electrode will eventually discharge
completely and oxygen evolution will occur at the hydride
electrode. Consequently the internal pressure of the cell will
build-up and the hydride electrode may be partially oxidized
and damaged.

5. Current status of commercial nickel hydride
batteries

5.1. The manufacture process [26-29]

The making of nickel hydride batteries mainly includes
(1) a negative hydride electrode line, (2) a nickel positive
electrode line, (3) a cell assembly line, and (4) a cell
formation line. The active material in negative electrodes
is hydrogen storage alloy(s). The negative electrode can be
made by a wet slurry pasting method or a dry pressing
process with or without sintering. The current collector
substrate is nickel or nickel plated steel or copper in the
form of mesh, perforated foil or expanded sheet. The dry
press method with sintering method generally gives a better
rate performance. The nickel positive electrode generally is
made by a pasting method in which the slurry of the active
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material (Ni(OH), plus additives) is impregnated into the
nickel foam/fiber substrate.

5.2. Performance

The performance of a nickel hydride cell depends on
many factors, including the electrode preparation, active
material and its amount, and additives in each electrode,
negative/positive capacity ratio, volume and concentration
of KOH electrolyte, separator and activation. In general, a
well-made Ni/MH cell can show a very good electroche-
mical properties.

1. High capacity: the capacity of a Ni/MH cell keeps
increasing. For example, the capacity of a AAA-sized
cell increased from 500 in 1996 to 550, then 600 and
now (in 2000) to 750 mAh.

2. High working potential: the discharge capacity above
1.20 V is up to more than 80% of the total at 1C-rate for
a AAA size Ni/MH cell, as shown in Fig. 1.

3. Excellent rate capability: a high rate Ni/MH Sc-sized
cell can discharge up to 20C-rate, the power is higher
than 500 W kg™' when fully charged and 400 W kg ™!
nearly fully discharged, equal to or better than a Ni/Cd
Sc cell. Fig. 2 shows the discharge curves of a high rate
Ni/MH Sc cell.

4. Low self discharge rate: the charge retention after 1
month at ambient temperature is above 80%.

5. Long cycle life: higher than 1000 cycles on a 1C-rate
charge-discharge cycle, 100% depth of discharge.

5.3. Applications

The applications of Ni/MH cells have been broadened to
many areas such as (1) cellular phones, (2) cordless phones,
(3) toys, (4) portable computers, (5) CD players, (6)
Camcorders, (7) power tools, (8) two-way radios, (9)
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Fig. 1. The typical discharge curves for an AAA-650 mAh cell using a Ti/Zr-based alloy Ti)0.2Zr30.0Niyg 2Cry oNbs sMig .
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Fig. 2. Typical discharge curves for an EFBC Ni/MH Sc-size cell (1C-rate = 3.0 A).

uninterrupted power sources (UPS), and (10) electric
vehicles, especially electric bicycles. Ni/MH batteries will
increase the applications into the new portable wireless
electronic products. However, Ni/MH batteries are facing
very strong competition from lithium batteries in small size
cells. It is expected that Ni/MH batteries will focus on areas
such as high power and/or high capacity types to penetrate
and replace the Ni/Cd battery market.

6. Conclusions

Hydrogen storage alloys have been applied successfully
to the rechargeable Ni/MH batteries. A semi-empirical
electrochemical/thermodynamic method can be used to
develop/screen these hydrogen storage electrode alloys. This
method is suitable both for the Ti/Zr-based and rare earth
metal-based alloys. From the heat of hydride formation
calculation, one can obtain a Ti/Zr-based alloy having a
useful capacity from 230 up to 450 mAh g~ !, and rare earth
metal-based alloys having a capacity from 230 to about
320 mAh g™, In the same capacity range, a Ti/Zr-based
alloy has a similar high rate capability and high working
potential as that for a rare earth metal-based alloys. The
performance of a Ni/MH cell is excellent, superior to that of
a Ni/Cd cell. Therefore, there are many applications for Ni/
MH batteries. Ni/MH cells are on the way to replace the
market of Ni/Cd cells.
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Abstract

The electrocatalytic characteristics of a metal hydride (MH) electrode for advanced Ni/MH batteries include the hydrogen adsorption/
desorption capability at the electrode/electrolyte interface. The hydrogen reactions at the MH electrode/electrolyte interface are also related
to factors such as the surface area of the MH alloy powder and the nature of additives and binder materials. The high-rate discharge
capability of the negative electrode in a Ni/MH battery is mainly determined by the mass transfer process in the bulk MH alloy powder and
the charge transfer process at the interface between the MH alloy powder and the electrolyte. In this study, an ABs-type hydrogen-absorbing
alloy, Mm (Ni, Co, Al, Mn)s ¢, (where Mm denotes Mischmetal, comprising 43.1 wt.% La, 3.5 wt.% Ce, 13.3 wt.% Pr and 38.9 wt.% Nd),
was used as the negative MH electrode material. The MH electrode was charged and discharged for up to 200 cycles. The specific discharge
capacity of the alloy electrode decreases from a maximum value of 290-250 mAh g~ after 200 charge/discharge cycles. A cyclic
voltammetry technique is used to analyze the charge transfer reactions at the electrode/electrolyte interface and the hydrogen surface
coverage capacity. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Hydrogen-absorbing alloy; Metal hydride electrode; Hydrogen surface coverage; Cyclic voltammetry

1. Introduction

The use of metal hydrides (MH) as active negative
electrode material in rechargeable alkaline Ni/MH batteries
has been studied for some time. Although Ni/MH batteries
have superior specific energy than the other two aqueous
electrolyte systems (lead-acid and Ni/Cd batteries), they
remain largely inferior to the new rechargeable lithium
(Li-ion) batteries. However, lithium batteries are much more
expensive to produce [1]. In addition, lithium batteries
cannot be operated for a safety reasons without electronic
control of each individual cell.

The reaction mechanism of hydrogen in a Ni/MH battery
is similar to that of lithium in a Li-ion battery. Both H and Li
atoms shuttle between the anode and cathode. We have
reported a reaction model for hydrogen which shuttles
between the anode and cathode in Ni/MH batteries 2,3].
Based on this shuttling model of hydrogen, Vassal et al. [4]

*Corresponding author. Tel.: +1-416-979-5102; fax: +1-416-979-5308.
E-mail address: dnorthwo@acs.ryerson.ca (D.O. Northwood).

have developed a rechargeable Ni/MH battery which uses an
alkaline solid polymer electrolyte. The reaction processes
for hydrogen and lithium in Ni/MH and Li-ion batteries are
summarized in Table 1.

Hydrogen diffusion in the MH electrode dominates the
high-rate discharge capability of the MH electrode in Ni/MH
batteries. We have reported that the MH alloy powder in a
Ni/MH battery will be stabilized after about 30 charge/
discharge cycles [2]. The microcracking of the MH alloy
powder on charge/discharge can lead to an increase in the
specific reaction area. This also leads to an improvement in
the charge transfer capability at the interface between the
MH particles and the electrolyte.

During the discharge process, hydrogen diffuses from the
interior of the bulk alloy to the surface of the alloy powder.
This is the mass-transfer process. Also, hydrogen combines
with OH™ ion to form H,O at the electrode/electrolyte
interface. This is the charge-transfer process. The anodic
polarization performance of an alloy electrode is related to
both the oxidation of the alloy powder (without hydrogen in
the alloy) and the hydrogen diffusion from the interior to the
surface of the alloy powder (with hydrogen in the alloy).

0378-7753/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Table 1
Hydrogen and lithium diffusion processes in Ni/MH and Li-ion batteries

[5]

Battery Negative electrode  Electrolyte  Positive electrode

) discharge. + . discharge |

Ni/MH MH =2 M H NiO,H < NiOH;
charge charge

. discharge i . discharge .

Li-ion CeLi 2 Cg Li NiO; = NiO;Li

charge charge

In this paper, we have studied the charge/discharge char-
acteristics of a Mm (Ni, Co, Al, Mn)s o, (Where Mm denotes
Mischmetal, comprising 43.1 wt.% La, 3.5wt.% Ce,
13.3 wt.% Pr and 38.9 wt.% Nd) alloy electrode. In parti-
cular, we have examined the charge transfer reactions at the
electrode/electrolyte interface using a cyclic voltammetry
technique.

2. Experimental

A hydrogen storage alloy of nominal composition Mm
(Ni, Co, Al, Mn)s ¢, was prepared by induction melting and
rapid cooling. The alloy ingot was mechanically pulverized
to obtain a sifted particle size of 45-53 um (the alloy powder
was captured between 325 (45 um) and 270 mesh (53 pm)
sieves). The sifted alloy powder was used as the negative
electrode material in an experimental cell. The positive
electrode in this cell, a sintered Ni(OH),/NiOOH plate,
was obtained from a commercial supplier.

The set-up of the experimental cells was in a sintered glass
apparatus with three compartments. The negative electrode
was placed in the central compartment and two Ni(OH)y/
NiOOH electrodes were placed on either side. For the
specific capacity and exchange current density measure-
ments, the MH alloy powders were mixed with nickel
powder in a weight ratio of 1:1 together with a small amount
(3 wt.%) of polytetrafluoroethylene (PTFE) aqueous solu-
tion as a binder and then pressed at a pressure of 500 MPa.
The capacity of the positive electrode plates was designed to
be higher than that of the negative electrode. An amount of
0.1 g of the alloy powder was separately used to make the
negative electrode plates for two experimental cells. The
electrolyte in the cells was a 6 M KOH aqueous solution [6].

The charge/discharge and polarization tests of the experi-
mental cells were conducted using a Solartron 1285 Poten-
tiostat with CorrWare software for Windows. The testing
resolution of the potential, current and time is 0.1 mV,
0.1 mA and 0.1 s, respectively. The charge and discharge
regimes were conducted at temperatures ranging from 273 to
335 K. The experimental cells were charged at a current of
100 mA g~ ! for 3.2 h. and discharged at a current of 100~
600 mA g~' to an end-of-discharge-potential of —0.5V
versus Hg/HgO. Cycle voltammograms (CVs) were
obtained at the scan rates ranging from 100 to 800 mV s
The scanning potential was in the range from —1.1 to 0 V
versus Hg/HgO. An interruption of electrode current was

used to compensate for IR potential drop errors. The resis-
tance of the electrolyte between the working electrode and
the reference electrode, and the contact resistance are com-
mon causes of these errors.

3. Results and discussion

The active anode and cathode electrode materials for the
rechargeable Ni/MH batteries are the hydrogen-absorbing
alloys and nickel hydroxide compounds, respectively. The
hydrogen-absorbing alloy, that have been developed in our
group for the anode, was based on a MmNis-based alloy with
partial replacement of Ni by Co, Mn and Al. It should be
noted that the addition of Mn was used to increase the crystal
cell volume, and to achieve an increase in specific capacity
and better high-rate dischargeability. Adjustment of the
stoichiometric composition of the ABs.; alloy is used to
increase the anti-pulverization capability.

In the KOH aqueous solution, the standard redox poten-
tials of the rare earth elements, Al and Mn range from —1.37
to —1.05 V versus SHE. These metallic elements are easily
oxidized to form stable metal oxide compounds at the
surface of the alloy powder. These oxides, as passivation
phases, are used both to prevent further oxidation of the MH
alloy powder, and to increase the charge/discharge cycle
lifetime. However, the oxides at the powder surface lead to a
decrease in the electrocatalytic activity [6].

Fig. 1 shows the discharge capacity of the Mm (Ni, Co,
Al, Mn)s ¢, alloy electrode at different discharge currents.
The discharge capacity at a 100 mA g~ ! discharge current
reaches 290 mAh g~ during five charge/discharge cycles.
The specific discharge capacity at a 600 mA g~ ! discharge
current reaches a value of 248 mAh g~'. The MH electrode
was charged/discharged over 200 cycles and the specific
discharge capacity at a 100 mA ¢! discharge current
remains at 250 mAh g~' at 298 K. Generally, the manu-
facturing of the electrode, additives and bonding materials
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Fig. 1. Variation of specific capacity of Mm (Ni, Co, Al, Mn)s ¢, alloy
electrode with discharge current.




92 M. Geng et al./Journal of Power Sources 96 (2001) 90-93

slightly influence the specific discharge capacity, especially
the high-rate discharge capability, because of the electrode
swelling and an increase in the electrode resistance.

Fig. 2 shows the specific discharge capacity versus tem-
perature plot. The discharge capacity was measured at a
100 mA g~ discharge current. The specific capacity has a
maximum value of 290 mAh g~ ' at 298 K. The discharge
capacity decreases to 252mAhg™' at 273K and
246.4 mAh g at 335 K. The electrochemical reaction at
the surface of the MH alloy powder is controlled by the
charge transfer process at the MH electrode/electrolyte
interface and the mass transfer process in the bulk MH
alloy. A higher temperature leads to both faster charge
transfer and mass transfer reactions. However, the higher
temperature also leads to a decrease in the hydrogen storage
capacity in the MH alloy. The balance of these two factors
leads to a maximum specific capacity at 298 K.

The equilibrium potential is a measure of the H" activity
at the electrode/electrolyte interface. The equilibrium poten-
tial of Mm (Ni, Co, Mn, Al)s, alloy as a function of the
number of cycles and hydrogen storage capacity is shown in
Fig. 3. The equilibrium potential does not change with
increasing number of cycles for hydrogen storage capacities
>60 mAh g~'. However, at hydrogen storage capacities
<60 mAh g, the equilibrium potential increases with
increasing number of cycles. The instability of the equili-
brium potential at a lower hydrogen storage capacity could
lead to instability for Ni/MH batteries after a large number
of cycles.

The discharge Coulombic capacity (Q) of a metal-hydride
electrode, obtained electrochemically as a function of the
applied overpotential (E) in the cycle voltammograms,
involves three components, namely:

1. A capacity (Qc) due to the release of the absorbed
hydrogen from the interior bulk to the surface of the
alloy powder. The hydrogen released from the interior
of the alloy powder leads to concentration polarization.
Thus, the polarization current density from the con-

350 °
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[
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Fig. 2. Variation of specific capacity of Mm (Ni, Co, Al, Mn)s o, alloy
with temperature.
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Fig. 3. Equilibrium potential of Mm (Ni, Co, Al, Mn)s, electrode vs.
hydrogen storage capacity at varying number of charge/discharge cycles.

centration polarization is dependent on the scan rate for
low scan-rate polarization measurements (for example,
<100 mV s~} scan rate).

2. A capacity (Qa) due to the activation polarization
reaction. The activation polarization current density is
strongly dependent on the scan rate for higher scan-rate
polarization measurements (for example, >200 mV s™').

3. A capacity (Qs) from the hydrogen surface coverage in
the alloy powder. This capacity is dependent on both the
hydrogen surface coverage and the surface area. Because
of a very fast reaction rate, the capacity due to the hydro-
gen surface coverage is independent of the scan rate.

The Coulombic capacity of the electrode, obtained from
the CV technique, can be separated into the scan-rate-
dependent activation and concentration capacities (QA(v)
and Oc(v)) and the scan-rate-independent capacity (Qs).
Thus, the Coulombic capacity (Q) can be expressed as
follows:

O(v) = Qc(v) + Qa(v) + Os (1
and
Qs = nFAT )

where, A is the reaction surface area of the electrode and I
the hydrogen surface coverage. The activation-related capa-
city is inversely proportional to scan rate, which can be
approximately expressed as follows:

E, 1

o) = [ “itEN = 551, Er) | G)
E

where i(E) is the anodic polarization current density

and y(E;, E,) is obtained using a equation: E = E| + vz.

The Coulombic capacity is calculated from anodic

polarization current density in the potential range between
E;, and E,.
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Fig. 5. Coulombic capacity of Mm (Ni, Co, Al, Mn)s ¢, alloy electrode for
the anodic polarization process (E; = 0V) vs. the inverse of the scan rate.

Fig. 4 shows cyclic voltammograms at scan rates ranging
from 100 to 800 mV s~ '. The value of peak anodic current
density, as seen in Fig. 4, is influenced by the hydrogen
release from the interior of the alloy powder at a low scan
rate (<200 mV s'l) i.e. the concentration polarization cur-
rent density. The anodic current density mainly results from
the activation reaction at high scan rates (>200 mV s™') and
hydrogen diffusion from the interior into surface of the alloy
powder has only small influence on the anodic current
density for high scan-rate polarization. The hydrogen sur-
face coverage capacity can be determined at a sufficiently
high scan rate. The Coulombic capacity is plotted in Fig. 5
against the inverse of the scan rate for the anodic polariza-

tion period (E; =0V). The hydrogen surface coverage
capacity, Qs, at the surface of the MH electrode, was
estimated to be about 1.2C g™' by extrapolation of the
Coulombic capacity versus 1/v plot. The value of the hydro-
gen surface coverage relates to the electrocatalytic charac-
teristics at the electrode/electrolyte interface.

4. Conclusions

The main conclusions from this study are:

1. The discharge capacity of a Mm (Ni, Co, Al, Mn)s o>
electrode at 298 K remains stable at 250 mAh g ! after
200 cycles.

2. The specific discharge capacity of the MH electrode
reaches a maximum value at 298 K and the specific
capacity decreases to 252mAhg ' at 273K and
246.4mAh g ' at 335 K.

3. The activation-related capacity, obtained from CVs, is
inversely proportional to the scan rate. The Coulombic
capacity from hydrogen surface coverage is independent
of the scan rate. The hydrogen surface coverage capacity
in this electrode, was estimated to be 1.2Cg™' by
extrapolation of the Coulombic capacity versus 1/v plot.

4. The instability of the equilibrium potential at a lower
hydrogen storage capacity could lead to instability in Ni/
MH batteries after a large number of cycles.
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Abstract

A multi-phase project to investigate the reliability of valve-regulated lead-acid (VRLA) batteries in the field has been conducted by US
industry and government research organizations. The focus of the study has been to characterize the relationships between VRLA
technologies, service conditions, performance, and field failures. Two surveys were conducted: one of VRLA end users, and the other of
VRLA manufacturers. Data from end users were obtained for over 56,000 telecom and utility installations representing over 740,000 cells.
Seven manufacturers participated in the study. Preliminary correlations between utility end-user data, manufacturer information, and battery
reliability have been developed and will be reported. Data for telecommunications installations will be reported in a separate publication

when completed. © 2001 Published by Elsevier Science B.V.

Keywords: Lead-acid batteries/valve regulated; Performance surveys

1. Introduction

Valve-regulated lead-acid (VRLA) batteries have been
commercially available for more than 20 years and have
been enthusiastically embraced by users of uninterruptible
power supplies (UPS) because of the anticipated reduction in
installation and operating costs, smaller footprint, lighter
weight, and fewer environmental concerns. However, as
with any evolving technology, users have encountered vary-
ing degrees of performance reliability. Manufacturers and
end users postulate that the premature failures experienced
at some field installations may be due to temperature and
charging sensitivities, manufacturing quality control, or
compatibility issues with particular applications. Proprietary
concerns and inadequate data acquisition systems have
reduced the amount of performance and life-cycle data that
is publicly available. This has limited the ability to evaluate
premature capacity loss, which has been reported for VRLA
batteries in some cases after as few as 2 years of service.

The International Lead Zinc Research Organization
(ILZRO), Sandia National Laboratories (for the U.S. Depart-
ment of Energy, Energy Storage Systems Program) and the
Advanced Lead-Acid Battery Consortium (ALABC) have

" Corresponding author. Tel.: +1-505-844-7874.
E-mail address: pcbutle@sandia.gov (P. Butler).
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sponsored a multi-phase project to investigate these issues.
The focus of this study is to characterize the relationship
between VRLA technologies, service conditions, and failure
modes. These organizations are impartial regarding VRLA
battery choice, and their sponsorship of this effort has created
an unbiased forum for evaluating VRLA product character-
istics, operating conditions, field performance, and service life.
This study consists of three phases.

o Confidential survey of manufacturers of VRLA cells for
stationary applications.

¢ Confidential survey of VRLA end users with stationary
applications, primarily in the electric utility and telecom-
munications business sectors.

e Analysis of the two surveys to characterize the VRLA
population and identify parameters of design, manufac-
turing, and operation that may affect VRLA performance
and reliability.

As of 1 December 2000, 16 utilities and eight telecom-
munications firms completed surveys. These responses
represent over 56,000 installations with over 740,000 cells.
Many respondents completed surveys representing hundreds
or thousands of installations. This was particularly true
among surveyed telecom end users, who typically provided
responses for over 6000 installations, while the typical
utility respondent represented 13 installations (Table 1).
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Table 1

General profile of the end users that were surveyed

Application Installations Cells Ah
Utility 215 15522 105040
Telecom 55992 725988 3558100
Total 56207 741510 3663140

These installations use cells produced by seven manufac-
turers.

In order to investigate the particular nature of the VRLA
market, the two sectors had to be treated separately. The
telecom market dwarfs the utility VRLA market in the USA
and combined analysis would not reveal relevant informa-
tion for utility operators. In addition, fundamental differ-
ences in configuration, age, operation, monitoring, and rate
of failure all support distinct analyses for the two sectors.
The present paper deals with the utility results; the telecom
results will be described separately.

Electric utility companies use VRLA batteries as UPS
systems to provide back-up power for switchgear equipment
and other critical loads. Switchgear enables utilities to
bypass a localized outage (e.g. failed transformer or downed
cable) and to provide power to other parts of the grid.
Critical loads include computer centers, banks, and other
financial institutions, air traffic control centers, hospitals,
critical manufacturing processes, various government agen-
cies, and stock exchanges.

A battery provides a virtually instantaneous power source,
and is sized to bridge the gap between loss of utility power
and start-up of an alternate power source such as a generator.
Where an alternate power source is not available, the battery
is sized to allow for an orderly shutdown of critical loads.
VRLA batteries are also used to support photovoltaic (PV)
or other renewable energy installations in remote, grid-
independent applications. In such cases, the battery is sized
to provide a few days of demand.

This paper focuses on characterizing utility VRLA instal-
lations, considering:

e operating environment: geographic distribution, indoor/
outdoor, temperature controlled;

e cell type: AGM/gelled electrolyte, monobloc/module,
voltage;

Table 2
Question categories in the survey of VRLA manufacturers

e monitoring regime: frequency and choice of voltage, tem-
perature, current, and/or internal ohmic measurements;

e float voltage and maximum ambient temperature;

e year installed, date first cell replaced, and contributing
factors.

The procedure employed for data collection and analysis is
described in Section 2.

2. Procedure

The survey of manufacturers identified differences in
VRLA design and manufacturer quality control. Each man-
ufacturer was asked to respond to questions describing a
specific cell’s physical, electrical, and performance charac-
teristics (Table 2).

The survey of end users was designed to facilitate
responses from operators of multiple installations. For
instance, one utility provided survey responses for 75
installations. Similar installations were bundled according
to age of installation, manufacturer and model, voltage class,
and other information specific to the application. The survey
of end users attempted to reveal installation and operating
procedures that may have contributed to the apparent suc-
cess or failure of the VRLA cells. Each end user was asked to
respond to questions describing from whom they purchased
their cells, a description of their VRLA installation, and
operating and monitoring regimes (Table 3).

Every effort was made to conceal the identity of partici-
pants, yet survey response was initially less than desired.
End users identified 76 different VRLA cell models, far
more than the number in completed manufacturer surveys.
Manufacturers tended to complete surveys for new product
lines, whereas end users more often identified older models,
no longer produced or sold. To fill in the gaps, the authors
performed research on the Internet to verify model numbers
and obtain product literature. Only a subset of the survey
questions could be answered with the information obtained
from the web.

Two linked, password-protected Access databases were
created for the VRLA battery end users and manufacturers.
Manufacturer’s name, cell model, and end-user name are
numerically coded to conceal identities. The collected and
estimated data are provided as metric measurements.

Physical characteristics

Electrical characteristics

Performance characteristics

Exterior dimensions

Electrolyte

Separator material

Case and post-seals

Plate geometry

Recommended operating temperature

Cell Ah capacity
Internal resistance
Monthly self-discharge
Specific energy

Application

Recommended float voltage
Premature failures

Cause of premature failures
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Table 3
Question categories in the survey of VRLA end users

Battery identification Installation description

Operation/monitoring

Type of application Make/model of cells
Seller/installer

Receipt of installation/operating instructions
Unusual failures

Root cause of failure

Year installed
Location
Temperature and control

Installation size (number of cells, modules, Ah capacity)

Float voltage

Year first cell replaced

Total cells replaced

Parameters monitored and frequency

Queries have been developed to interrogate the databases,
with analysis performed in Excel.

None of the surveyed end users documented VRLA
battery operation and maintenance at the level needed for
exact numerical responses. A respondent’s recall often
resulted in date ranges instead of a specific year for installa-
tion or first cell replacement. Multiple-survey respondents
typically provided ranges, resulting in use of the midpoint
value for the installations. For instance, one utility respon-
dent installed three substation batteries in 1996-1998; the
authors set the year as 1997 for all three installations.
Midpoints were also used for float voltage, e.g. 2.25V
where 2.24-2.26 V was provided.

Linking the manufacturer and end-user surveys required
identifying the model used in each installation. In some
cases, respondents could not remember the exact model
number and could not easily visit the site (e.g. remote and
unmanned, underground, or pole-mounted facilities).
Sleuthing was required to determine the appropriate model,
cells per module, Ah capacity (at the 8 h rate to 1.75 V per
cell), and other parameters for calculations. Survey respon-
dents occasionally provided incomplete model numbers,
contradicting model number and Ah capacity, or general
guidelines for dividing a bundle of installations by make and
model. The measures taken to overcome the shortcomings in
the gathered data are believed to have been adequate to

protect the validity of the conclusions drawn from the data
set.

3. Results

Utility VRLA end users responding to the survey operate
215 installations, distributed across 13 States of the USA. To
conceal end-user identity, survey results are reported for four
regions: northeast, midwest, south, and west. The geo-
graphic distribution of the survey sample is skewed towards
the midwest and west regions. This characteristic is biased
by the random nature of the survey. The VRLA cells
installed in the northeast appear to be smaller in capacity
than those installed elsewhere in the country.

By comparison, the south is less represented in the survey
sample. While the use of VRLA cells is not promoted in
very hot climates, a good portion of the south is still
reasonably temperate and opportunities for VRLA applica-
tions abound. More installations are known in the south, but
potential respondents were unwilling to participate. A regio-
nal map of the USA with the number of cells and estimated
Ah represented by surveyed utility end users is shown in
Fig. 1.

Location and temperature control define the operating
environment of VRLA installations. Utility VRLA install-

1P

5,080

A An

Fig. 1. Geographical distribution of utility VRLA cells and their total energy output.
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ations are primarily indoor facilities; almost 90% of the
surveyed installations are indoors. Not surprisingly, max-
imum temperature exposure is not high for the surveyed
utility respondents. In fact, none of the 215 installations is
operated above 40°C. Manufacturers by and large do not
require temperature control. Nonetheless, almost half of the
utility installations were temperature-controlled, typically
by a fan or small air conditioning unit.

The manufacturer chooses a particular cell configuration
to meet the customer’s needs, which in turn, impacts surface
area, air circulation, and stack and rack design. Utility
installations are comprised of single cells, modules of
three—eight cells connected in series or parallel, or mono-
blocs of up to six cells within a single container. Modules are
the configuration of choice for the surveyed utility installa-
tions. Use of monobloc designs is also popular. A key
advantage of the monobloc is a smaller battery footprint.
The key disadvantage is that failure of a single cell within
the block results in the replacement of the entire container
and its cells.

A key determinant of cell chemistry is the mode of
electrolyte immobilization. Early in this survey, the authors
assumed that both gel and AGM materials would be well
represented in the survey. After all, gelled-electrolyte tech-
nology has been available since the early 1960s and AGM
cells have been marketed only since 1972 [1]. Gel cells
experience less electrolyte stratification than AGM cells,
particularly under deep cycle conditions, and typically
require less overcharge to reach full state of charge.
AGM cells have high-rate discharge capacities that make
them suitable for UPS and standby applications where
charging periods are predictable and regulated [1]. Acid
stratification impacts the permitted height of the container
(or jar). Gel cells can be twice as tall as AGM cells, which
are limited to about 380 mm (15 in.) in height, when in an
upright position.

Utility respondents indicated that only four installations
used gelled electrolyte in their 476 cells, with the remaining
211 installations employing AGM. As expected, most (64%)
of the surveyed utility installations operate at 125V for
substations and industrial customer sites (see Fig. 2). This
group accounts for 83% of the cells employed by the
surveyed utilities. A third of the installations operate at
48 V, and these are employed in a wide variety of applica-
tions.

In order to get a complete picture of the status of a VRLA
battery, it is important to take account of its state of health.
VRLA batteries are often closely packed in module racks or
designed as monoblocs, making the measurement of indi-
vidual cell voltages difficult. In addition, the spread of
individual cell voltages during float service exceeds that
of conventional flooded batteries, especially when the bat-
tery is new, making float voltage measurements less mean-
ingful [2].

Monitoring temperature is important in VRLA batteries,
because they are more sensitive to heat than flooded lead-
acid batteries, and increased temperature can result in water
loss and thermal runaway.

Since, conventional discharge tests are time consuming
and expensive, many end users have taken to monitoring
battery health in terms of voltage, current, temperature, and
internal ohmic measurements (internal resistance, conduc-
tance, impedance). Because not all regimes are ideal for
every installation, end users must decide for themselves
which parameters are most effective in identifying their
battery’s state of health. There has been much talk of late
regarding simply tracking ohmic measurements to detect
faults that impact on a battery’s capacity [3]. These readings
measure impedance, which will increase due to loss of
electrolyte or corrosion of the conducting components
[2]. None of the surveyed utility participants measure inter-
nal ohmic readings alone.

Voltage Class of Surveyed Utility VRLA Installations

Percent of
Installations

i \

BH24 m48 0125

240 B >500

Percent of Cells

0% 20% 40%

60% 80% 100%

Fig. 2. Voltage of utility VRLA installations and the cell groups surveyed.
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Table 4

Parameters monitored by utility installations

Installations Cells Parameters

Voltage Temperature Current Ohmic measurements
38 3990 X X X
21 653 X X X
6 720 X X

81 6660 X X X
29 1313 X X
40 2186 X

215 (total) 15522 (total)

There were six different sets of parameter combinations
used by utility respondents (Table 4). Two-thirds of the
participating utility installations included monitoring three
parameters in their regime. None of the end users monitored
all parameters. Voltage, current, and internal ohmic measure-
ments were the favored combination, monitored at 43% of all
surveyed cells. None of the utility respondents indicated
visually checking their cells for cover, case, and post-integrity.

Every utility installation surveyed measured voltage, 84%
of the installations monitored it at the cell level, thus
impacting 88% of all surveyed utility cells. For only 31%
of the installations was the battery room’s ambient tempera-
ture monitored. Internal ohmic measurements were taken on
55% of all cells, and although only two regimes included
monitoring current, 69% of all surveyed cells are impacted
by this measurement.

Not only must companies monitor their cells, they must do
it consistently to assess battery health accurately. Only 7%
of cells surveyed were monitored on a daily basis, and
voltage, current, and ambient temperature were checked.
While a quarter of the utility VRLA cells are monitored
monthly, over half of the cells are monitored semi-annually
for voltage, current, and internal ohmic measurements.

The life of the lead-acid battery is dependent on the choice
of positive plate geometry, positive grid alloy and thickness,
processing parameters, electrolyte, and other design vari-
ables. Each battery manufacturer sets operational limits for
warranties, e.g. involving ambient temperature, float vol-
tage, normal and equalization charges, depth of discharge,
etc. When operating conditions fall outside specified limits,
customers are given guidelines for compensating the differ-
ence to maintain the design life of the product.

A fully charged cell in a standby condition has a pre-
dictable voltage determined by its chemistry and tempera-
ture. Overcharging cells can lead to them drying out. In order
to prevent this, the recommended float voltage for the
majority of VRLA cells surveyed is 2.26 V per cell. If
the cells are exposed to ambient temperatures above
25°C, manufacturers recommend temperature compensation
to reduce unwanted aging effects.

¢ Too high a float voltage will lead to accelerated corrosion
and water loss.

e Too low a float voltage will lead to self-discharge and,
potentially, sulfation of the negative plates.

Some manufacturers suggest reducing the float voltage by
2.5-3.25 mV for each degree above 25°C. The float voltage
for VRLA cells operated at 35°C would then be reduced to
2.24 V. As seen in Table 5, most of the utilities surveyed float
their VRLA cells at 2.24-2.25 V. However, there are 22
installations that float their 2600 cells above 2.28 V.

Other manufacturers do not insist on temperature com-
pensation between 5 and 35°C. Temperature-compensated
float voltages are required for outdoor installations, where
the range of operating temperatures can be large [2]. Without
temperature control, many indoor installations may also
need temperature-compensated float voltage.

The survey of end users focused on VRLA cell perfor-
mance and premature failure. However, the survey was
somewhat handicapped in obtaining this information
because of the following reasons.

¢ VRLA cell replacements and unusual experiences are not
well documented by utility operators. Rather, the survey
had to depend on respondent recall, which is both sub-
jective and inexact.

e VRLA cells are typically installed at remote, unmanned
locations. If the owner/operator does not have a data
acquisition system with remote access or a regular mon-
itoring program to track cell health, he can only guess as
to when the cells first failed.

Table 5
Maximum temperatures and float voltages found in the surveyed utility
installations

Float voltage Maximum temperature Unknown  Total

per cell
20-30°C 30-40°C
<2.24 i 1
2.24-2.25 83 30 26 139
2.26-2.27 23 29 52
2.28-2.29 1 1
>2.29 3 18 21
Unknown 1 1
Total 110 78 27 215
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Table 6
Age of first cell when replaced within the utility installations surveyed
Year installed <1 year 1-3 years 4-5 years >6 years None replaced Total
1980-1985 10 10
19861989 2 2
1990-1993 61 30 3 14 108
1994-1996 42 6 8 56
1997-2000 4 3 32 39
Total 4 108 36 3 64 215

e The age at which the first cell was replaced is used
as a proxy for premature cell failure. The age of the
second and third cell replacements would also be of
great interest and could be considered for subsequent
surveys.

Despite these shortcomings, it is believed that the major
conclusions of the analysis are reasonable. Cell failures
within the first year of operation are typically due to
manufacturing defects, usually covered by the warranty.
Given the negative publicity surrounding VRLA perfor-
mance, the authors expected to find a large number of
failures within the first year. However, only four utility
installations had their first cells replaced within the first
year. The range of ages for first cell replacement naturally
broke at 1-3 years, 4-5 years, and more than 6 years. The
remaining category is “None Replaced”, the most desirable
condition for end users.

Having no cells replaced could easily indicate that the
battery was recently installed, e.g. since 1997. For older
installations, having no cells replaced means the battery has
performed as expected. This could be due to any number of
conditions, e.g. the end user’s preventive maintenance pro-
gram, a particular product’s technical superiority, very little
use, or no method of checking the capacity of the cells. To
provide a more complete appreciation of the age of the
installation at first cell replacement, the year installed is
included (particularly for those installations with none
replaced). The year installed parameter has been grouped
for analysis purposes: 1980-1985, 1986-1989, 1990-1993,
1994-1996, and 1997-2000.

Half of the utility respondents had their first cell
replaced within 3 years of installation (Table 6). Another
36 installations replaced their first cells after the fourth or
fifth year. Three installations waited for 6 years. One
interesting feature of this table is the number of installa-
tions where no cells were replaced. Half of the 64 installa-
tions where no cell has been replaced were installed prior
to 1997. One operator reported that he has never replaced
any cells at 10 facilities installed prior to 1985. This skews
the analysis into suggesting that older models performed
better than newer designs. This may not be a reliable
conclusion, however, since only 12 of the 215 surveyed
utility installations were delivered prior to 1990. Consid-

erable changes in VRLA cell design have occurred during
the past decade.

Unfortunately, this survey cannot test the impact of those
design improvements. Subsequent survey efforts should
increase the number of respondents with installations dating
back before 1985 in order to permit a more complete
appraisal of the performance of earlier VRLA cell designs.

Batteries installed between 1990 and 1996 constitute the
largest portion of utility installations surveyed. These lim-
ited data suggest that there is a 56% probability that a VRLA
battery installed by utilities between 1990 and 1993 will

Table 7
Profiles of the 125 and 48 V surveyed utility installations

Description 125 V installations 48 V installations

Year installed

1980-1985 1 9

1986-1989 2 0

1990-1993 75 32

1994-1996 42 9

1997-2000 18 20
Maximum temperature

20-30°C 74 35

30-40°C 55 18

Unknown 9 17
Qutdoor configuration

Monobloc 1

Module 8 11
Indoor configuration

Cell 6 0

Monobloc 13 25

Module 110 32
Temperature controlled

Controlled 85 24

Not controlled 53 46
Float voltage

<225V 105 33

>2.25V 33 37
Parameters monitored

Voltage 23 17

Voltage, ohmic 12 15

Voltage, ohmic, temperature 4 17

Voltage, ohmic, current 81 0

Voltage, current, temperature 12 21

Voltage, temperature 6 0




100 P. Butler et al./Journal of Power Sources 96 (2001) 94~101

Table 8

Probability of first cell replacements within the 125 and 48 V surveyed utility installations

Age of installation 125 V batteries installed (%)

48 V batteries installed (%)

1990-1993 1994-1996 1990-1993 1994-1996
<25V >2.25V <225V >225V <225V >2.25V <225V >225V
1-3 years 46 82 100 100 100 25
4-5 years 49 16
>6 years 2 14
None replaced 3 86 3 75

experience its first cell failure within the first 3 years of
operation. The odds increase to 75% for batteries installed
by utilities between 1994 and 1996. Examining the possible
reasons for this situation, the authors investigated 125 and
48 V installations separately. Recall that almost two-thirds
of the surveyed utility installations operate at 125 V and
another one-third operate at 48 V (Fig. 2). Analysis of these
two voltage classes helps to quantify differences in operation
and monitoring that these two types of installations experi-
ence. Table 7 profiles the two groups.

Over 85% of the 125 V batteries surveyed were installed
in 1990-1996. The 125V batteries are mostly modules
installed indoors, with over 61% temperature-controlled
even though not required by the manufacturer. The float
voltage is below 2.25 V for three-quarters of the cases and
almost 60% of the installations monitor voltage, current, and
internal ohmic measurements.

By contrast, over 58% of the 48 V batteries surveyed were
installed in 1990-1996. The 48 V batteries are either mod-
ules or monoblocs, primarily located indoors. These units
are typically not temperature-controlled. Slightly over half
of the 48 V installations float their cells above 2.25 V.
Owners of 48 V batteries monitor either voltage, voltage
and ohmic measurements, voltage, ohmic and temperature,
or voltage, current and temperature.

Do certain operational characteristics increase or decrease
the probability of early first cell replacements? Table 8
examines the year installed, age of installation at first cell
replacement, and float voltage of the 125 and 48 V batteries
in an attempt to tackle this question. The 125 V batteries
installed in 1990~1993 and floated below 2.25 V had a 46%
chance of experiencing their first cell replacement within 3
years. Another 50% experienced the first cell replacement by
fifth year. The batteries in this voltage category that were
floated above 2.25 V lasted longer than 6 years or had never
had cells replaced.

For 125 V batteries installed between 1994 and 1996 and
floated below 2.25 V, the probability of early cell failure
worsened, with 82% of the installations replacing their first
cell within the first 3 years of operation. The likelihood of no
cell replacements was slightly less for the 125 V batteries
installed between 1994 and 1996 and floated above 2.25 V
compared to those installed between 1990 and 1993.

On the other hand, over half of the 125V batteries
installed between 1990 and 1993 operated beyond 3 years
before replacing their first cell. It is possible that the
operators monitored these installations more closely than
the 24 and 48 V facilities, since these were more likely to be
located on utility property.

The 48 V batteries installed between 1990 and 1996 and
floated below 2.25 V universally experienced first cell repla-
cements within 3 years. The 48 V batteries installed in
1990-1993 and floated above 2.25 V also experienced first
cell replacements within 3 years. This situation improved
slightly for the 48 V batteries installed in 1994-1996, with
75% yet to replace any cells.

A tentative conclusion for both categories (125 and 48 V)
would be that the greatest concentration of first cell replace-
ments occurs for the batteries that have float voltages below
2.25 V. This would be consistent with a failure mechanism
involving self-discharge, aggravated by the difficulties of
maintaining all of the cells in a long string at a sufficiently
high voltage.

4. Conclusions

Even though the surveys are still in the process of being
analyzed, a number of important conclusions are worthy of
note.

¢ A significant number of the VRLA cells covered by the
surveys are lasting for 5 or more years. The 28% of the
utility installations have cells lasting more than 5 years,
with another 15% installed in the past 3 years without any
cell replacements.

¢ There is a large spread in the range of life expectancy for
utility VRLA cells, from 1 to 16 years.

e In some cases, it appears that adjusting float voltage may
enhance battery life. Inadequate float voltage may be an
important life-limiting factor for VRLA cells in float duty.

¢ A vigorous monitoring program does not appear to extend
the life of VRLA cells without an equally proactive cell
maintenance program. Every installation measured vol-
tage and 81% of the utility installations measured one or
two more parameters regularly.
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Further analyses of the data and feedback from manu-
facturers are needed before drawing additional conclusions.
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Abstract

The application of lead-acid batteries for automobile applications has to meet stringent specification guidelines. Design engineers are
more concerned to meet the high rate discharge (HRD) performance of a battery, particularly for automobile applications. The required
HRD is to be tested to the full satisfaction of the ultimate user. This paper gives a review on lead-acid batteries manufactured in India with
special focus on their HRD performance.

Basically, there is a cut-off voltage (which is 7.20 V for a 12 V battery system) down to which the battery shall be able satisfactorily to
deliver current to the starting mechanism of a vehicle at the low critical temperature of —18°C.

For determination of HRD performance under simulated conditions a high rate discharge tester is used to draw a constant discharge
current from the battery, kept and conditioned in a cold chamber. It uses a built-in data acquisition system for logging of current and voltage
values at an interval of 5s. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Lead-acid batteries; Testing/high-rate; Applications/automobiles

1. Introduction

India is now producing super high rate lead-acid batteries
to meet global standards. These batteries are achieving the
stringent International requirements of battery performance
in sub-zero as well as in high ambient temperatures.

The rate of discharge of a lead-acid battery (or any other
storage type) is usually expressed in terms of current flow
(amperes) and the duration (hour/minute) obtained to a
certain cut-off voltage. The quantity of electricity, which
can be delivered during discharge of the battery at a constant
current to the cut-off voltage, is the capacity of the battery.

The capacity obtained from a lead-acid battery is strongly
dependent upon the rate of discharge. Increasing the rate
from nominal to a high rate value results in voltage depres-
sion, shortening of the discharge time and a discharge
characteristic having a slope of steeper gradient (as against
that of a nominal rate). During rapid discharge, the electro-
chemical reactions take place mainly on the surface of the
plates, because of the limited time available for adequate
diffusion of acid into the pores of the active material.
Moreover, the reaction product (PbSO,) tends to block
the pores, a process that further restricts the even percolation

) Corresponding author.
E-mail address: amal@rnd.exide.co.in (A. Bhattacharyya).

of acid throughout the volume of the plates and so the
capacity is severely reduced at high rate discharge [1].

Tables 1 and 2 summarise the performance of a 12V,
100 Ah battery and show that the final voltage and the
available capacity is depressed at high rates.

For this reason, various International as well as Indian
standards have been introduced in order to compare the
performances of different batteries. Attempts have also been
made throughout Europe to unify the requirements through a
battery section of the International Electrotechnical Com-
mission (IEC) using SAE and BS specifications.

Japanese Industrial Standards have drawn up specification
JIS D5301 for batteries compatible for SLI (starting, lighting
and ignition) applications, which is different from other
International standards in some respects.

As indicated by the SAE/BSI specifications, the primary
function of the SLI battery is to provide power to crank the
engine during starting [2]. With the increase in the compres-
sion ratio of internal combustion engines, this duty has
become more and more difficult especially at sub-zero
temperature owing to the increased viscosity of the engine
oil. Therefore, SAE/BSI standards declared SLI perfor-
mance as the current, in amperes, delivered at a temperature
around —17.8°C (0°F) for not less than 30's to a voltage,
not less than 1.2 V per cell or 7.2 V for a 12 V battery. This
value is referred to as CCA (cold cranking ampere) of the
battery.

0378-7753/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Table 1 1. Materials/components used
Voltage limits at normal temperature, 25°C 2. Construction/design
Discharge rate Final voltage (V) 3. Method of production/processes

. Maintenance and life of th e

20hto1h 1050 4. Maintenance and life of the battery
30 min to 1 min 8.00 5. Temperature
Table 2 2. Battery materials

Capacity at normal temperature of 25°C, expressed as % of 20 h rate

Discharge rate Capacity (Ah) Current (A) % Capacity

20h 100 5.0 100
10h 89.5 8.95 89
5h 78 15.6 76
3h 70 233 68
1h 53 53.0 51
30 min 45.8 91.5 43
20 min 423 127.0 39
10 min 34.6 208.0 30
S min 27.2 327.0 22
3 min 20.5 410.0 16
1 min 8.8 528.0 6

The corresponding IEC requirement, also at —18°C, is a
minimum duration of 1 min to not less than 1.4 V per cell or
8.4 V for a 12 V battery. The current delivered under SAE
condition is greater than that specified by IEC by a factor of
1.6-1.8. The German DIN specification also has the cold
start test at —18°C down to a cut-off of 1 V per cell,ie. 6 V
for 12 V battery with a minimum duration of 150s. A 30's
voltage with a minimum requirement of 9 V is also men-
tioned.

To cater for the lowest temperature met in USA or else-
where, the SAE specification includes a second low tem-
perature requirement, i.e. current in amperes delivered at
—29°C (—20°F) for not less than 90 s to a voltage of 1 V per
cell or 6 V for 12 V battery. The IEC adopted the duration at
—29°C as | min and 8.4 V minimum for 12 V battery in the
CCA test.

The JIS differs more. JIS D5301 specifies temperature of
—15°C and currents of 150, 300 and 500 A, to a voltage of
6 V for 12 V battery for a period of 1.4-4.3 min depending
upon the size of the battery. Certain minimum voltages of
7.1-8.9 V after 5s and 7.6-8.2 V after 30 s are also men-
tioned, depending on the battery size.

However, in India, the ambient being quite on the high
side, performance of the battery at sub-zero temperature is
not a dominant factor. Indian standards (IS), therefore,
concentrate on specifying the performance of an SLI battery
at 27°C. The current requirement in IS is 3 times the Cy rate
for normal type batteries and 4.5 times of Cyg rate for heavy
duty type batteries down to 1.33 V per cell. Gulf countries
normally follow IS condition as the atmospheric environ-
ment is more or less similar to that in India.

The high rate discharge performance obtained from the
above-mentioned specifications is determined by several
factors such as:

Raw material, like lead, should be 100% pure. Impurities
cause depression of over voltage and resist a full recharge
after a discharge, leading to sulphation and drop in HRD
performance within a short period.

For active material or paste, the oxide used should be
tetragonal in character. Above 1% ortho-rhombic oxide
leads to scaling during formation that hinders HRD perfor-
mance to some extent.

Various types of separators have been developed for
various International and Indian battery types.

The resistance values in Table 3 show that the batteries
with microporous thin polyethylene type and also LEWK
glass mat type separators give better performance in com-
parison with PVC to obtain a good high initial voltage (IV),
i.e. at 5 or 30 s on HRD.

3. Battery construction
3.1. Grids

In a lead-acid battery, the grid is not only for holding the
active material, it also acts as a good conductor of current.
Traditional rectilinear grid structures with a lug at one corner
perform the structural function well, but are not so efficient
from the conductivity point of view. Ohmic losses in the
current collecting grid are inversely related to HRD perfor-
mances. In terms of % utilisation in current conduction,
different types of grid are described in Table 4.

From above discussion, it is evident that a radial grid with
the lug at the centre is the best design so far as HRD
performance character is concerned.

3.2. Plate pitch
The batteries required for engine cranking are designed

with minimum plate pitch. Low internal resistance depends
on the number of plates per element. Plates of the same

Table 3
Types of separator

Resistance of surface
p—?
area (Qcm™7)

Type of separator

Sintered poly vinyl chloride (PVC) sheet 0.32
Poly ethylene (PE) envelope 0.075
Bonded glass mat (LEWK) 0.09
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Table 4
Relative merits of various grid designs

Type of grid Utilisation

Rectilinear grid with lug on one corner
Radial grid with lug on one corner
Radial grid with lug at centre

10% of grid area
19% of grid area
34% of grid area

polarity in a group are in parallel and act as a parallel
resistance. Higher the number of plates, greater will be the
deliverable current from a given contact volume of electro-
lyte and smaller will be the internal resistance. Thus, larger
numbers of thin plates per element in a given volume
increases the surface area and delivers more current from
a battery, thereby showing better HRD performance.

3.3. Electrolyte

Atthe time of discharge, positive and negative plates, as per
the double sulphate theory, consume equal amounts of H,S0,.
During discharge, sulphate ions migrate towards the negative
and hydrogen ions towards positive. A good part of these
hydrogen ions reacts to form H,O at positive electrode. So,
near the positive plate, there is always a dilution caused by this
water. Thus, the volume of acid required is 1.6 times higher in
positive plates than in negative plates for complete reaction.

Therefore, separator design is such that near to the
positive plate more space is given for quick discharge, such
that vigorous gassing and formation of water can easily take
place in this excess space.

3.4. Group bars

Group bar thickness has also to be designed properly for
optimum high current discharge.

3.5. Assembly design

In some cases, reverse ratio assembly design is made so
that end plate is positive instead of negative to improve the
initial voltage during high rate discharge.

4. Manufacturing processes
4.1. Grid alloys

High antimony (Sb) increases electrical resistances and
lowers CCA/HRD performance. Lowering of Sb to 1.6%
improves the CCA value to a large extent.

Superiority of Pb—Ca alloy over Pb—-Sb alloy is due to low
electrical resistivity, being very close to that of pure lead. As
aresult, CCA is maximum for this alloy. Ca alloy has also
other advantages including maintenance-free characteris-
tics. Presence of Sn above 0.1% increases conductivity
and reduces oxidation loss.

4.2. Grid quality

No breaks in radial/vertical wires are allowed. No weak-
ness in lug or frame is acceptable. These factors reduce
conductivity.

4.3. Paste

High paste density (above 4.2 g ml™ ') in the positive plate
causes degradation of HRD performance. Paste densities in
the order of 3.8-4.0 g m1™" for positive plates improve plate
porosity and decreases internal resistance (IR) and thereby
helps HRD performance.

Carbon black used in negative plates increases conduc-
tivity to some extent and improves cold performances.

Vanisperse is the lignin sulphonate used in negative plates
for improving cold performance. It contains 50% humic
acid, has ion exchange properties and retains hydrogen ions
around negative plates. Some conducting fibres that adhere
to pastes are used today for better HRD performances.

Residual Pb below 3% is ideal, so that formation will be
satisfactory and internal resistance will be less.

4.4. Terminal posts

The quality of terminal building is advancing day by day,
to avoid any incipient cracks or shrinkage or holes that lead
to failure during HRD. A cold forging system has been
applied to terminal post building, resulting in significant
improvement in strength of terminals and their current
carrying capacity and longer life.

BCI type terminals, however, ensure firm contact with
connecting bolts. They reduce heating and voltage drop at
the connection/contact surface.

4.5. Miscellaneous factors

Apart from other factors, it should be mentioned here that
the processes of pasting and formation of plates are affected
by high temperature. So, a temperature controlled method
for chilling improves the process for production of good
plates, particularly in India where the environmental tem-
perature is high.

Drying of positive plates should not be above 80-90°C so
that the positive plate will not be passivated and give poor
HRD performance.

For SLI systems with more and more usage, the life and
HRD performance decreases and to maintain longer life
and better performance, the following points must be
avoided:

. Overcharging

Undercharging

. High ambient temperature

- Keeping idle for a long period

- Addition of concentrated acid when topping-up

AW -
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6. Abuse, allowing impurities inside the battery
7. Hammering on terminals

5. Model analysis

The generic representation of a battery circuit is shown in
Fig. 1. The metallic internal resistance which includes the
terminal posts, straps, grids and grid-paste is R,,, R. the
resistance of the electrochemical path, comprising electro-
lyte and separator and depends on acid concentration,
separator resistance, presence of impurities and temperature,
Cp the capacitance of the parallel plates. This is shunted by a
non-linear resistance contributed by the contact resistance of
plate and electrolyte (Ry).

Overcharge current results in water loss which reduces
electrolyte volume and increases electrolyte concentration.
Higher concentrations, due to volume loss or addition of acid
from outside, leads to rapid sulphation of negative plates.
Undercharging leading to sulphation of plates and may
cause similar situations. Overheating, improper topping
up and overcharging may lead to plate corrosion. Loss of
active material in contact with electrolyte increases the value
of RI'

Hammering, or hammering after wrong fixing of terminal
cables (negative clip to positive and vice versa) may create
fine cracks leading to an increase of the R, value.

At sub-zero temperatures, the viscosity of electrolyte
increases and diffusion of electrolyte in plates become more
difficult. In other words, R. and R; are increased. The
viscosity has found to increase 2-fold from +30°C to 0°C
and about 8 times at —30°C. The internal resistance of
H,SO, (R.) increases 3.5-3.8 times at —18°C and 2.8-3
times at —15°C depending upon the acid concentration.

However, the value of Cp which is responsible for good
HRD, is perfectly maintained by selecting a correct alter-

Rn+Re

R, TC

Fig. 1. The battery circuit.

nator voltage to keep the battery always in a completely
charged condition at the respective ambient. So, the HRD
performance for starting a car will always then be satisfac-
tory irrespective of a cold atmosphere.

6. Conclusion

In India, a wide portfolio of automotive and industrial
batteries are manufactured to cope up with various require-
ments and different geographical characteristics. As such,
batteries are designed for high temperature zones like SE
Asia, Sri Lanka, etc. and also very low ambient zones found
in parts of Europe, USA and the Scandinavian countries.
Quality and technical up-grading are the focus areas to
survive the globalisation of economy. New paradigm is,
therefore, is the motto of the battery manufacturers of
India.
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Abstract

Oxygen and hydrogen evolution reactions in flooded lead-acid batteries during float charging were studied by galvanostatic steady-state
polarization and impedance spectroscopy techniques. Given the very low relaxation frequencies of such processes (between 2 and
0.05 mHz), impedance measurements needed to be extended to the ultra-low frequency domain. Investigation of their dynamic behavior
provided a complete description of the porous character of the active zone. The steps involved in the reaction mechanisms are also
discussed. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The purpose of float charging is to maintain a battery in a
full state of charge and to return it to that state after it has
undergone a discharge. This is accomplished by applying a
voltage slightly higher than the open-circuit voltage of the
fully-charged battery, to compensate for unavoidable gra-
dual self-discharge.

Lead-acid batteries are especially suited for float char-
ging, because they can be recharged completely at float
voltage and retain full capacity when charged continuously
at a fairly low float voltage of about 100-150 mV per cell
above open-circuit.

In lead-acid batteries, completion of charge is followed by
“gassing”, that is to say oxygen evolution at the positive
plate and that of hydrogen at the negative one

2H,0 = 0, +4H" +4e”, Ey,0/0, = 1270mV vs. SHE

2H 4+2e” =H,, Ep,p- = —365mV vs. SHE

The generation of such gases can never be completely
suppressed because hydrogen evolution starts above the
equilibrium potential of the negative (Pb/PbSQ,) electrode,
and oxygen evolution below the equilibrium potential of the
positive (PbSO,/PbO,) electrode. In order to prevent water
loss caused by gassing, many attempts were made either by
hindering such processes by the use of lead—calcium and

Corresponding author. Tel.: +49-241-80-69-45; fax: --49-241-67-505.
E-mail address: hm@isea.rwth-aachen.de (A. Hammouche).

low-antimony grids (which, unfortunately, are not without
side effects) or better, by recombining, chemically and/or
electrochemically, the hydrogen and oxygen gases given off
during overcharging.

Another relevant reaction in such conditions is corrosion
of lead in the current-collector, which reduces the lead
dioxide, taking place at the rest potential without any outside
current.

Knowing the high time constants of the processes occur-
ring in the lead-acid battery (many tens of hours are usually
needed to allow the dc signals relax), Karden and cow-
orkers [1,2] developed in the last few years a specialized
impedance spectroscope to investigate the dynamic beha-
vior of such systems in the microhertz frequency range,
taking into account all the specific requirements of indus-
trial batteries. Applied to a set of 100 Ah lead-acid cells,
it showed good reproducibility and consistency of the
results.

Because of the limited understanding of gas evolution
mechanisms and the resulting uncontrolled life expectancy
of lead-acid batteries, further studies are needed. Lead and
lead dioxide plates present a rather poor catalytic activity
towards, respectively, hydrogen and oxygen evolution [3,4].
It can then be expected that their time constants will be very
high. Consequently, the method of ultra-low frequency
impedance spectroscopy is especially suitable for investiga-
tion of such processes.

The purpose of this study is to analyze the electrochemical
processes occurring at both plates in a flooded lead-acid
battery when in the overcharge region, by dc polarization
and ultra-low frequency impedance spectroscopy.

0378-7753/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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2. Experimental

All experiments were performed with a flooded
4GroE100 cell, made by Hoppecke, with a nominal Ciq
capacity of 100 Ah. The electrolyte was a sulfuric acid
solution with a density of 1.22 kg 17!, The temperature of
measurements, 23°C, was constant to within 1°C.

Impedance measurements were performed during float
operation after charging the cell with a high charge coeffi-
cient and after several days of float operation at a fixed
voltage of 2.23 V. In fact, this voltage value, which corre-
sponds to the minimum rate of grid corrosion, is usually
recommended for float operation. The impedances of the full
cell and of both half-cells were successively measured
galvanostatically with dc currents ranging from 40 to
270 mA, after stabilization during 30 h for each dc current.
Laboratory instrumentation, used for the present experi-
ments, has been developed at ISEA for high-precision
impedance measurements of industrial batteries [2].

The ac current amplitude was automatically chosen for
each frequency so that the optimum ac voltage response was
always equal to 3 mV (which is well below the thermal
energy “RT/F =25mV” at room temperature and more
than two orders of magnitude below the dc overvoltages).
Also, the upper ac current value was limited to 2/3 of the dc
current value, to keep  the net current
[I(t) = I4 + I sin(t)] always within the charging regime
and so prevent occurrence of the battery discharging during
the negative half-period of the ac signal.

The frequency range was 3 kHz—38 pHz with eight fre-
quencies per decade for the cell and the positive plate. Each
spectrum required a measuring time of almost 4 days (the
measurement of Z at 38 pHz alone lasts 3/38 x 10° s,
~22 h). Knowing that very slow dynamics exist in the
battery, it would be desirable to go even further, but adding
one frequency decade makes the measuring time 10 times as
long. The time required for a single experiment would then
be counted in months rather than days. However, the fre-
quency range for the negative plate was taken down to only
150 uHz as this covered mostly its whole relaxation fre-
quency range, as can be seen on the experimental data. The
initial parts of the spectra (down to 1 mHz) were usually
repeated after the first spectrum to check if the experimental
conditions were stationary. These measurements were
always in good agreement with each other.

Unfortunately, our test bench does not yet allow for multi-
channel voltage measurement. Therefore, we measured the
cell impedance and the electrode impedances in subsequent
experiments. Anyway, the sum of both half-cell impedances
turns out to be always very close to the cell impedance,
though all three quantities were measured in different
experiments, each of which lasting several days.

The experimental data were fitted to the relevant equa-
tions using the least-square fit, built-in with Excel, to
optimize the parameters. In the case of impedance diagrams,
the real and the imaginary components were fitted at the

same time through minimizing the sum of the *“weighted”
squares of the difference between the measured (Z(w)) and
the simulated (Z,(w)) data sets

5= wil(Z, -z + (2~ 2V
i=1

Only one weight factor, w;, was used as both data sets are
not independent of each other. It is equal to the inverse of
the square of the modulus of the impedance, w; =1/
(Z! 2 4 Z!'2), letting each measurement contribute equally
to the sum of squares.

We used a mercury/mercurous sulfate reference electrode
(RE), of standard design, in the same sulfuric acid concen-
tration as the cell electrolyte, to measure the electrode
potentials separately and avoid liquid junction potential
error. Its thermodynamic potential, in the 1.22kg 1!
H,SO, solution at 23°C, is estimated to be 606.5 mV versus
SHE [5]. The RE tip was located in the midpoint between the
two current collecting tabs and 20 mm above the top of the
plates.

3. Results and discussion
3.1. Current and potential distribution near the tabs

According to Newman’s reports on half-cell investi-
gations on lead-acid batteries [6], RE measurements are
most meaningful when the exact position of RE is specified.
Actually, distribution of current lines and equipotential
surfaces in lead-acid batteries is deeply affected by the
limited electrical conductivity of the plate’s grid. A non-
homogeneous current and potential distribution entails a
heterogeneous utilization of the plates and so a loss in
capacity.

Orientation of current lines can be inferred from the
variations of the ohmic resistance measured between a
working and a reference electrode, this latter being located
in different positions in the cell. Since, the diameter of the
RE used was too large to be inserted into the limited space
between the plates, where heterogeneity of current and
potential is expected to be more pronounced, impedance
measurements were performed in the present study only for
positions in the free solution above the plates, near the tabs
(Fig. 1).

No significant effect was observed in the impedance of the
electrodes whatever the position of RE, but the ohmic
resistance between either tab and RE was sensitive when
RE was moved horizontally in the x direction (i.e. parallel to
the plates), for different values of y and z. As RE came near
one tab, the respective ohmic resistance decreased while that
corresponding to the opposite tab increased (Fig. 2). The
sum of these partial resistances was, however, very close to
the one measured for the complete cell.

It can readily be inferred from this observation that the
current lines in this region are rather oriented towards the
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Electrolyte top level
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Fig. 1. Location of the reference electrode for half-cell measurements.

tabs, suggesting that these take part to some extent in the
electrode processes. This statement is confirmed by obser-
vation of some gas bubbles given off from the surface of the
tabs, in float charge conditions. Since, gassing reactions give
rise to additional water loss, it is desirable to suppress them.
This may be achieved, for instance, by covering the tabs with
an insulating substance.

In the subsequent measurements, RE was definitely
placed in the midpoint between the two current collecting
tabs and 20 mm above the top of the plates.

3.2. Polarization curves (dc)

From a fundamental point of view, float charging of a
fully-charged battery seems to be the only experimental
situation in which the electrochemical processes can be
regarded as stationary. The only change in the chemical
compositions within the cell is caused by the gassing reac-
tions which consume water, but do not significantly change
the electrolyte concentration on time scales out to many
days. Besides, the gas bubbles cause some convection which

—e—plate (+) —=-plate (-)
% 06
4

0.4

0.2

0 . 1

0 2 4 6 8 10
x/icm

Fig. 2. Variation of ohmic resistance of the half-cells as a function of
location of the reference electrode.

makes it plausible that the electrolyte concentration is
almost constant all over the cell.

Most of the float current flows through the gassing reac-
tions during overcharge, while only a very small fraction of
the total current is consumed by the parallel side reactions. It
1s, thus, expected that both the dc current/voltage and the
impedance characteristics of the electrodes are essentially
determined by the gassing reactions.

At open circuit and on overcharge in the lead-acid battery,
the overvoltages for oxygen and hydrogen evolution are
large (no, > +434mVandny, < ~359mV). If these elec-
trochemical processes are under activation control, their
kinetics exhibits a Tafel behavior, i.e. a linear potential—
log current relationship of the form

1
g = Uﬂog(E) 1)

where # = U — U, the overpotential of each reaction; and
Iy, the exchange current which is a parameter depending on
the concentration of reacting species. The temperature and
the transfer coefficient a, give Ut = 2.3RT/anF which
defines the Tafel slope.

If this law is valid for both half-cell reactions and no
parallel reactions occur, a similar law holds for the whole
cell voltage

U= UO(OZ/HZ) + o, + T,

Io,
= Uo(o./m,) + Ut 10g< EH)

M~

1
+ (U"r,o2 -+ UT-Hz) log (1—>
0,0,

1
= Cste + Ur cell 10g <[ )
0,0

This equation also shows that the Tafel slope for the
complete cell is given by adding up the Tafel slopes of the
electrode reactions.

The dc cell and half-cell polarization curves were plotted
considering the proper currents involved in the main re-
actions, obtained by subtracting the currents corresponding
to the side reactions. Cathodic currents were corrected for
that corresponding to oxygen reduction at the negative plate;
its value, independent on overvoltage, was estimated to
—2.5mA [7]. Anodic currents were corrected for that
corresponding to grid corrosion, which depends on the
positive plate overvoltage, showing its minimum at
n~ +80mV [7].

Fig. 3 depicts the Tafel plots for the whole cell and the
individual electrodes. These slopes are, respectively, 215.3,
127.8 and 81.4 mV per current decade for the cell, the
negative and the positive plates. The Tafel slope for the cell
is slightly greater than the sum of the slopes for the
electrodes. This is related to the fact that the raw float
current used for the calculations concerning the cell,
includes the contribution of the secondary reactions. Their
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Fig. 3. Float current vs. electrode and cell overvoltages.

effect is somewhat more influential in the low current—
overpotential values.

The law, mentioned above, was empirically well defined
in a Varta technical report [8]. The overcharging voltage of a
lead-acid battery increases by 200 mV per current decade, at
room temperature. This increase is shared between the
electrode potentials: 120 mV for the negative electrode,
and 80 mV for the positive electrode, per current decade.
The slight discrepancy shows that these kinetic parameters
are dependent on cell design and materials, methods of
manufacture and cell age.

3.3. Impedance measurements
3.3.1. Negative plates

A typical impedance diagram under non-zero dc current is
shown in Fig. 4. It is mainly composed of a single depressed

semicircle. This semicircle can be viewed as approximately
equivalent to the response of a simple parallel RC circuit,
describing a CPE element. The R, value measured at the
limit of low frequencies corresponds to the slope of the
steady-state I(y) curve at the corresponding polarization.
The agreement between these two values indicates that the
recorded diagrams describe the full cell response: there are
no other semicircles at lower frequencies.

According to the present results, investigation of the ultra-
low frequency domain is necessary since the frequency of
the maximum of such semicircles decreases to about
100 uHz, for the low values of float current. This seems
to be logical with regards to the poor catalytic activity of
lead towards hydrogen evolution, characterized by a very
low exchange current density ranging between 10™% A cm ™2
[3] and 107" A cm™? [4]. Actually, for batteries with a
large electrode surface area, the double-layer electrode

845
% Negative plate
- Float current = 270.0 mA

2 mHz
0.5
0.05 Re/mQ
ops T 0.15 0.p5
Re/Q
0-05

Fig. 4. Typical impedance diagram obtained for the negative plate, under an overcharge current of 270.0 mA. The magnification in the top right part of the

figure concerns the high frequency region of the impedance diagram.
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capacitance is very large while the charge transfer resistance
is not small enough. Consequently, the relaxation frequency,
given by the quantity (2nR.Cq)~', will go down to the
millihertz range. Moreover, if the reaction mechanism
involves additional steps like adsorption of electroactive
species and/or diffusion processes, the relevant relaxation
frequencies will be even lower. Similar experiments reported
in the literature were restricted to more than 1 mHz [9],
showing only the high frequency branch of the impedance
diagram, which appeared more or less vertical. Accordingly,
the explanation based on a quasi-blocking character,
reported for the electrodes investigated, does not describe
actually their electrochemical behavior.

A more careful analysis of the experimental diagrams at
high frequencies reveals a straight line in the capacitive
quadrant (see the magnified part of the diagram in Fig. 4).
Even after correcting for the likely influence of the induc-
tance of the wiring and the intrinsic inductance of the
measuring cell (generally ranging between 20 and
200 nH) on the cell impedance in this frequency region
[10], the slope of such a line always keeps a value close to
unity. This impedance segment is characteristic of the
infinite pore behavior of porous electrodes in the high
frequency region, where the penetration depth of the alter-
nating signal does not reach the bottom of the pore, when Z
identifies to a simple parallel RC circuit [11]. This result
indicates that the hydrogen evolution reaction takes place at
the internal surface of the electrode pores.

According to the general features of the impedance
spectra, the polarization resistance R, characterizes a charge
transfer reaction. This quantity corresponds to the slope,
dU/dl = Ur/I, of the stationary dc curve # = f(I) obtained
by differentiating Eq. (1). As can be deduced from the
recorded spectra, the variations of R., with overpotential
also obey an exponential law. Accordingly, the product of
this resistance times the dc current does not vary with the
electrode overpotential. It defines the Tafel slope of the
electrode and it is approximately equal to 131.9 mV per

decade, showing a good agreement with the data obtained
from dc polarization measurements.

The electrode capacitance, estimated as a fitting para-
meter, has a value decreasing from approximately 70 to 50 F
when the electrode potential decreases from —380 to
—520 mV versus SHE. This capacitance corresponds to
the electrode double layer (Cy)). Its large order of magnitude
confirms that not only the external surface of the plate is
active, but that the internal pore zones are involved in the
electrode process as well. Based on a unit surface capaci-
tance of 18 mF cm™2, given in the literature for the lead
electrode [12], the mean active surface can be estimated to
about 300 mz, which is consistent with the rough estimation
deduced from morphology parameters.

It is worthy of note that the decrease of the electrode
capacitance is expected as the potential decreases in the
explored range. This fact can be related to the decrease of the
specific adsorption of mainly SO,*~ anions as the potential
approaches that of zero charge, lying at —620 mV versus
SHE for the lead electrode [13].

3.3.2. Positive plates

The general shape of the impedance diagrams obtained
for the positive plate is shown in Fig. 5. Two capacitive loops
can be distinguished, respectively, around 4 and 0.1 mHz.
The order of magnitude of such relaxation frequencies
confirms once again the importance of investigating the
ultra-low frequency domain. The resistive component asso-
ciated with both of these loops decreases as the float current
increases, but the low frequency loop, being greater, masks
completely the higher frequency one under low values of
float current.

The mean value of the Tafel slope deduced from these
impedance data is 74.3 mV per decade. It represents the sum
of 7 and 67.3 mV per decade of Tafel slopes determined for
the high and low-frequency loops, respectively. This value is
somewhat smaller than the one obtained from the dc polar-
ization data.

g Positive plate
- Float current = 270.0 mA
100 pHz
0.03
..-\‘y': — 1 1 1
-0[02 0.03 " 0.08 0.13 0.8
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Fig. 5. Typical impedance diagram obtained for the positive plate, under an overcharges current of 270.0 mA.
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3.4. Mechanisms of hydrogen and oxygen evolution

3.4.1. Hydrogen electrode reaction

On the most of soft metals in groups 5B and 6B of the
periodic table, such as Pb, Bi, Cd, In, Sn and Hg, the
hydrogen electrode reaction takes place according to the
following two-step mechanism, consisting of a rate deter-
mining charge transfer step:

H* +e +s — Hus
followed by a fast ion—atom recombination
H+ 4+ Hys +€° = H,

The latter step is in a quasi-equilibrium state. The cover-
age 0 by adsorbed hydrogen atoms must be very low, since
none was ever detected, even at the highest overpotentials
measured [3]. The rate of the overall reaction is equal to
twice that of the first step and is given by

—onkF
I=Ioexp< o ”) @

where Iy = 2Fk;(HY)(1 — 6) exp(—onFUe /RT) is the
exchange current of the overall reaction, where k; is the
constant rate of the first step, H™ the activity of protons, and
Ueq the equilibrium potential.

Eq. (2) is applicable at high overpotentials, where the
reverse reaction can be ignored. Also, it is assumed that mass
transport limitation is negligible, which is true in view of the
high sulfuric acid concentration. This equation can be
written in a logarithmic form as

n= Urlog(I)+b

where Ur = 2.3RT /onF and b = —Ur log(ly).

The experimental results corresponding to hydrogen evo-
lution on the negative plate fit this equation. The mean Tafel
slope of 130 mV per decade corresponds to a transfer
coefficient of 0.45, close to the value (0.5) which is char-
acteristic of this family of metals [3]. Moreover, the
exchange current density, deduced by extrapolation of the
Tafel curve to 7y, [HY = 0mV, and based on the actual
surface area (Spp = 300 mz), yields a value of
3.10'" A cm 2, which is in the range of the values deter-
mined for this family of materials [3].

The electrode impedance exhibits a simple form, resulting
from the parallel combination of the double layer capaci-
tance and the Faradaic impedance which corresponds, for
the aforementioned mechanism, to the transfer charge resis-
tance

_ R«
1+ (joR«Ca)”
where R, = (Ur/2.31) exp(anFn/RT) and ¢ the empirical
exponent reflecting heterogeneity effects of the electrode
material. The complex-plane representation of this impe-
dance gives rise to a more or less depressed semicircle
identical to that measured experimentally. Its size decreases

exponentially, in accordance with the above formula, as the
overpotential becomes more cathodic, but the product of the
term R, times the dc current equals the constant value Ur.

3.4.2. Oxygen electrode reaction

In contrast to hydrogen evolution, there is no common
concept about the mechanism of the elementary reactions
that proceed during oxygen evolution on the PbO, electrode.
According to the results of early investigations, evolution of
oxygen in acid media is considered to come from discharge
of water molecules to form adsorbed OH radicals. These
radicals are oxidized to yield adsorbed oxygen atoms, which
combine subsequently to produce oxygen molecules
[14,15]. The first step is supposed to be rate determining
and would then be responsible for the large capacitive loop
observed at low frequencies on the impedance diagram.

The origin of the high frequency loop is not obvious. It
would not be related with an electrochemical step in view of
its weak sensitivity to electrode polarization (7 mV per
decade). On the other hand, ascription of such a loop to
relaxation of charge carriers in a thin layer occurring on top
of the electrode surface, like the hydrated amorphous PbO,/
PbO(OH), layer with mixed protonic—electronic conduction
properties as reported by Pavlov and coworkers [16,17], is
also questionable. Such a relaxation process is expected to
happen in the hundreds of Hertz frequency range, which is
five orders of magnitude larger than the highest relaxation
frequency observed in the present measurements. The posi-
tive electrode behavior deserves further investigation to
elucidate the relevant mechanism.

4. Conclusions
As a result of this work we have shown the following:

e Relaxation of the gassing processes in the lead-acid
battery occur at frequencies ranging between 2 and
0.05 mHz, strongly justifying the exploration of the
ultra-low frequency domain to observe the whole dynamic
response of the system under study.

o Gassing reactions take place in the internal surface areas
of the electrode pores under the experimental conditions
reported.

e Hydrogen evolution on lead electrodes follows the
mechanism, found with most soft metals, consisting of
a rate determining charge transfer step followed by fast
ion—atom recombination. The dc polarization curves and
impedance parameters are in good agreement, presenting
a mean Tafel slope of 130 mV per decade.

e According to the impedance results, oxygen evolution
involves a mechanism that includes at least two steps of
comparable kinetics for the larger float current values. In
contrast to the step associated with the low frequency
loop, which is sensitive to the electrode potential (Tafel
slope = 67 mV per decade), the step corresponding to the
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high frequency one has low sensitivity (slope = 7 mV per
decade). The corresponding mechanism deserves further
investigation.
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Abstract

State-of-charge (SOC) determination becomes an increasingly important issue in all the applications that include a battery. Former
operation strategies made use of voltage limits only to protect the battery against deep discharge and overcharge. Currently, battery
operation is changing to what could rather be called battery management than simply protection. For this improved battery control, the
battery SOC is a key factor.

Much research work has been done in recent years to improve SOC determination. Operational conditions differ for batteries in, for
example, photovoltaic applications, (hybrid)-electric vehicles or telecommunications. Hence, a given method for SOC calculation will be
more suitable for a certain application than for another. The authors introduce commonly used methods for SOC determination and
establish a relationship between the advantages of the different methods and the most common applications. As a main illustration, the
analysis of Kalman filter technique for lead-acid battery SOC determination are presented and some results for other calculation methods as

well. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Lead-acid batteries: State-of-charge

1. Introduction

Most of us use a mobile phone, a laptop computer,
perhaps a cordless shaver, maybe even an electric car for
the luckiest of us. All these devices are now part of our daily
life and bring a big contribution to our mobility and our
freedom (even if this point is more questionable).

But besides the comfort that is gained by all these devices
that use the electrical energy delivered by an accumulator, a
new source of stress has appeared: will I be able to shave this
morning, will the battery last until T have written the last
page of my paper? In most systems that use a battery, an
important point is the knowledge of the state-of-charge
(SOC) of the battery or more simply: how long do I have
until my device stops working?

In addition to the immediate displaying of the SOC to the
user, the knowledge of the remaining battery capacity is of
importance for its management. Namely, many systems are
sensitive to deep discharge or overcharge because these
states of extremely high or too low SOC can lead to
irreversible damage in the battery.

" Corresponding author. Tel.: +49-731-9530-201;
fax: +49-731-9530-666.
E-mail address: sabine.piller@zsw-bw.de (S. Piller).

Given the importance of knowing the SOC of a battery,
another question arises: how to measure it? And before
measuring the SOC, we need to know what it actually is.
In a recent paper [1] the different definitions for the capacity
and SOC were summarised. According to this paper, we will
make reference to the SOC as: the ratio between the
difference of the rated capacity and the net amount of charge
discharged from a battery since the last full SOC on the one
hand, and the rated capacity on the other hand. Due to this
definition, the full SOC is reached when (according to DIN
43539), the battery current is not changing during 2 h at a
constant charge voltage and constant temperature.

This definition leaves behind the problem of battery
ageing. In fact, the capacity that can be delivered by a
battery may change in the course of its life due to problems
like the loss of charge acceptance of the active material on
either of the electrodes, changes in the physical properties
of the electrolyte or corrosion of the current conductors. In
this paper, we will also not deal with the state-of-health
(SOH) of batteries, which is another topic of actual
research.

The paper summarises different techniques that exist for
determining the SOC of a battery. Additionally, the most
suitable field of application for each method is presented.
The main focus is put on the lead-acid system.

0378-7753/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
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2. Methods for determining the state-of-charge

The determination of the SOC of a battery may be a
problem of more or less complexity depending on the battery
type and on the application in which the battery is used.
Since this paper will focus on lead-acid accumulators, the
SOC determination methods are described explicitly for this
type of battery system, but apply partially also for the other
electrochemical systems.

2.1. Discharge test

The most reliable test for the determination of the SOC of
a battery — i.e. its remaining capacity — is a discharge test
under controlled conditions. But such a test, which usually
includes a consecutive recharge, is too time consuming to be
considered for most applications. As a second drawback
during testing the system function is interrupted.

2.2. Ampere hour counting (including loss calculation)

This is the most common technique for calculating the
SOC. Since the charge and discharge are directly related to
the supplied or withdrawn current, the idea of balancing the
battery current is evident. If a starting point (SOCy) is given,
the value of the current integral (Eq. (1)) is a direct indicator
for the SOC.

1 t
SOC = SOCO + —/ (Iban — 1]055) dr (1)
CN 1y

where Cy is the rated capacity, Iy, the battery current, and
o5 15 the current consumed by the loss reactions.

Two main complications arise with this method: firstly,
incorrect current measurement could add up to a large error
and accurate current measurement is expensive. Secondly,
not all current supplied to the battery is consumed by
charging and the corresponding losses have to be taken into
account. The first point can be overcome by investing money
in measuring equipment, while for the second one, many
different approaches have been developed. As an example,
two loss calculations will be presented below. The errors can
be kept low if points for re-calibration are reached, e.g. the
SOC is set to one if a full charge is detected or open circuit
voltage measurement (see below) is used to correct the SOC
value.

The most simple loss estimation method is to apply a
constant charge factor to the battery at each recharge, i.e. a
constant loss is assumed and this loss is additionally returned
to the battery. Such a method is only suitable for systems that
are not too sensitive to overcharge. In Ni/MH batteries, for
example, a value of 1.3 is often used to assure full charge of
the battery. Ni/MH batteries are not as sensitive to over-
charge as are lead-acid or especially Li-based batteries. With
lead-acid batteries, a charge factor of 1.05-1.2 is used,
depending on the battery type. Additionally, this method
implies that the charging operation is controlled.

A current-loss calculation approach for photovoltaic (PV)
applications was developed by Jossen [2]. The Butler—
Volmer equation is used to calculate the major losses during
charging, i.e. the gassing current. Since in PV applications
the currents are small, the Butler-Volmer equation could be
modified and normalised to become finally that shown in
Eq. (2)

Upaw — U T—-T
Iloss — 10 CXp( batt N _KZ N)7

K TTN
U, K
Iy = Ipexp <7<11“- - T—;) )

where /o4 1S the current consumed by the loss reactions; Ko,
K|, K, are the constants; Uy, and Uy are the battery and
rated battery voltage; T and Ty are the battery temperature
and temperature under standard conditions.

As mentioned above, the errors for this method can be
kept low if points for re-calibration can be identified. Since
in PV applications the time for recharge is limited by the
length of daylight, full charge is seldom achieved. Concern-
ing this problem, in the same publication [2] a so-called
remaining charge current technique for re-calibration is
presented which allows re-calibrations if the SOC is above
90%. For more details see [3].

The same loss calculation was used in a SOC algorithm
published on [4]. This algorithm was developed only for PV
applications, i.e. currents in the range of I, and measure-
ment intervals of about 1 min or more. It is not designed for
online use because ‘future’ data is necessary to calculate the
SOC. The reference data for the linear model [5] and the
Kalman filter [6] approach (both described below) was
generated with this programme.

Another procedure based on Ah counting is reported in
{7]. This publication focuses on discharges during the
operation of electric vehicles. Three empirical gauge func-
tions are established concerning the problems of tempera-
ture influence, maximum deviation from the nominal
capacity and SOC dependence on discharge rate.

Ah counting is the most common method applied to most
systems and applications. Indeed, the method is easy and
reliable as long as the current measurement is accurate and
enough re-calibration points are available. For example, for
EV application, the method can take benefit of the regular
full recharges under controlled conditions. In that field of
application, the technique finds a limit in the case of high
temperature effects and/or high current variations but it can
be applied to all the battery systems used for the EV
application. (i.e. lead-acid, Ni/Cd, Ni/MH, Zebra and
lithium systems).

In the same way, because of its simplicity, Ah counting is
used in most consumer applications.

2.3. Measurement of the electrolytes physical properties

In a lead-acid battery, the electrolyte takes part in
the reactions during charge and discharge. The linear
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relationship between the change of acid density and the SOC
can be used to determine the latter. This method is feasible
only with vented lead-acid batteries, while methods for density
measurement within VRLA batteries are not yet available.
Possible applications are, therefore, in stationary batteries
with liquid electrolyte. The density is measured directly or
indirectly by ion-concentration, conductivity, refractive
index, viscosity, ultrasonics, etc. A detailed description of
the different methods is given, for example, in [8].

Problems related to this technique are the occurrence of
acid stratification, water loss and the long term stability of
the sensors. The first two can be avoided by electrolyte
circulation and automatic water refill systems. Additionally,
the measurement of the physical properties of the acid
cannot be done in the pores of the electrodes where the
acid is actually either consumed or produced. This means
that during high current processes, slow electrolyte diffusion
is a source of errors for this technique.

2.4. Open circuit voltage

Similar to the acid density measurements described in
Section 2.3, the open circuit voltage relates in a linear
manner to the SOC. Fig. 1 shows this linear dependence
as obtained from four 12 V, 52 Ah (C/5) VRLA batteries of
the Optima type when tested at the University of Ulm.

In applications where relatively long rest periods are
common, this method is promising. Since the rest periods
will only occur from time to time, the open circuit voltage
measurement is usually combined with other techniques [9]
to ensure a continuous indication of SOC. In such a combi-
nation, the open circuit voltage measurement can be utilised
to adjust the other technique(s). The difference in the open

circuit voltage for a fully charged and a flooded lead-acid
cell is about 100 mV. Especially in VRLA batteries long
times (several hours) are needed to reach a steady state and
this can cause problems. A second point to mention is the
question of what is meant by rest period. Often a minimal
current flow is required for monitoring devices: clocks, etc.
In such a case, the open circuit voltage is never reached.
Finally, like with all methods which use directly or indirectly
the monitoring of acid concentration, acid stratification can
generate inaccurate results.

2.5. Heuristic interpretation of measurement curves

The following gives a brief, non-comprehensive, selection
of techniques that use the electrical discharge/charge char-
acteristics to calculate the SOC. Some methods were devel-
oped to get data on the SOC by interpreting only parts of the
discharge curves. The chosen parts are understood to be
significant for the battery SOC.

2.5.1. Coup de fouet

In [10] the so-called coup de fouet region is used to
calculate not exactly the SOC but the capacity that can
be delivered after a full recharge for a discharge at a given
current and temperature. The coup de fouet is the short
voltage drop at the beginning of discharge following a full
charge of a lead-acid battery. Two parameters are estab-
lished, which are shown to have a linear relationship to the
deliverable capacity: firstly the trough voltage, i.e. the
minimum voltage during the occurrence of coup de fouet
and secondly the plateau voltage, i.e. the maximum voltage
reached during voltage recovery at the end of the coup de
fouet. For one cell type it has been shown that the linear
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Fig. 1. Dependence of the state-of-charge on the open circuit voltage from four VRLA batteries of the same type.
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equation determined by regression stays within an error limit
of 12.5% for high discharge-current variations and temp-
erature changes. Since the coup de fouet region occurs only
after a full charge, this method can be used if a full charge is
frequently reached during operations. For static discharge-
currents this method is advantageous, because it gives an
estimation of the actual available capacity, which depends
on the discharge-current and temperature. The authors
suggest this technique for batteries in telecommunication
installations.

2.5.2. Linear model

In [5] a linear relationship (Eq. (3)) was established
between the variation of SOC, the intermediate electrical
measurements on the battery and the previous SOC value.

AQ(i) = Bo + By U() + Pl (i) + B30 — 1),
o) = Q@i — 1) + AQ(i) 3)

where Q(i) is the state-of-charge, AQ(i) the SOC-difference,
U the voltage and [ is the current measurements.

The factors f. . . ., f; are determined from reference data
by least-mean-square calculations. The model was devel-
oped for PV applications, i.e. for low currents and slow SOC
changes, and is characterised by high robustness in relation
to measurement errors and wrong initial conditions, as
shown in Fig. 2.

It is important to note that the S-factors do not describe
physical parameters.

The linear model can be applied to various battery types
and to batteries at different stages in their lives. However,
best results are achieved if reference data from the same
battery type is used to calculate the S-factors.

2.5.3. Artificial neural network

The utilisation of artificial neural networks for SOC
determination is presented in [5,11,12]. Since artificial
neural networks establish a relationship between input/out-
put data of any kind, this method can be utilised for all
battery systems and for all applications, providing that
training data for the net is available. In [5], an artificial
neural network is presented which is trained before use,
whereas in [11,12] adaptable artificial neural networks are
used. If an adaptable artificial neural network is applied,
other methods for SOC determination are used to provide
training data at selected states of operation. Errors depend
strongly on the training data and the training method. Since
the training methods usually minimise functions that lead to
an evenly distributed error, the error is usually no function of
the SOC. However, in Fig. 3 (taken from [5]) error extremes
occur at high SOCs, because the net was trained with data
obtained from a battery with slightly larger capacity and
better electrolyte circulation. But the SOC curves of a
battery of the same type as the one corresponding to the
training data show smaller and evenly distributed errors.

2.6. Impedance spectroscopy

Much research work has been carried out on impedance
spectroscopy. This method is a common measurement tech-
nique to investigate electrochemical processes and has been
studied for all battery systems not only for SOC but also for
SOH determination. A review of impedance measurements
for determination of the SOC for lead-acid and nickel/
cadmium batteries is given in [13]. Fig. 4 shows a Nyquist
diagram of the complex impedance of a lead-acid battery
(OPzS 150) during discharge.
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Fig. 2. SOC curves of the linear model, showing the reference and the error between the two curves.




S. Piller et al./Journal of Power Sources 96 (2001) 113-120 117

SOC standardized

[
0.2 4

0 1000

Wbty

H | / £
ey b v ©
|
. . g

o ii ' ' 10

z i
l 5
il [l 0
1500 2000

time [h}

Fig. 3. SOC curves of back-propagation artificial neural network, showing the reference and the error between the two curves.

A combination of impedance spectroscopy with fuzzy
logic methodology is presented in [14]. Two battery systems
were investigated, a lithium/sulphur dioxide and a nickel/
metal hydride system. A fuzzy model was used to establish a
relationship between battery model parameters derived from
impedance spectroscopy measurements and the SOC. For
the lithium/sulphur dioxide cells the imaginary component
of the impedance at three different frequencies was used as
input for the SOC calculation and an accuracy of £5% was
achieved, for the nickel/metal hydride cells the C2 capaci-
tance (also derived from impedance measurement) and the

cycle number was the input and for the available reference
points of 0, 25 and 100% an error below 10% was achieved.

Impedance curves are strongly influenced by temperature
effects. Therefore, the best utilisation of this method is with
batteries in temperature controlled environment, e.g. large
stationary battery installations.

Surprisingly, in spite of the quantity of papers written on
the subject, impedance spectroscopy is seldom implemented
for practical SOC determination and it stays still a subject
of debate. In a review [13], Huet concluded that the
temperature influence is so high that practical application

0 0.1 0.2 03
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04 0s 08 ey 00

Fig. 4. Impedance measurements from a lead-acid battery (OPzS 150) during discharge (from [8]).
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of impedance spectroscopy can only be made in ranges of
high frequencies. This technique seems to be more suitable
for lead-acid systems than for nickel/cadmium and is more
promising for the determination of SOH rather than for the
precise measurement of SOC.

Another review on this subject is given in [17]. Besides
conventional systems (i.e. lead-acid, nickel/cadmium,
nickel/metal hydride), initial measurements on lithium-ion
batteries are presented. For this system, impedance spectro-
scopy seems to be a possible method for SOC determination.

In fact, conductance measurements at a given frequency
are performed on batteries for quality control and provide
information about state-of-health. They can also be used for
SOC evaluation provided they are taken within a convenient
frequencies range (e.g. in Fig. 4, the SOC varies only at low
frequencies).

2.7. Internal resistance

Related to the impedance spectroscopy is the calculation
of the internal resistance of the battery, i.e. the voltage drop

S. Piller et al./Journal of Power Sources 96 (2001) 113-120

Fig. 5. Battery model for SOC determination in PV applications.

divided by the current change during the same (short) time
interval. The value of the resistance depends heavily upon
the chosen time interval. For a time interval smaller than
10 ms, only Ohmic effects are measured. If the interval is
extended, other effects such as transfer reactions or acid
diffusion are involved and the resistance becomes complex.
In this case it would be better to use the previously described
impedance spectroscopy instead of the voltage current ratio.

For lead-acid batteries the change in the internal (Ohmic)
resistance between full SOC and SOC = 0 is only some mQ
per cell. This kind of measurement is more useful for
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Fig. 6. Battery model for dynamic applications such as HEV and EV.
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Fig. 7. Current and voltage curves measured on four 12 V lead-acid battery blocks used for Kalman filter SOC determination (simulated hybrid vehicle

cycle).
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Fig. 8. SOC curve calculated by the Kalman filter technique compared with Ah balance with loss calculation.

providing statements on the state-of-health of the batteries.
It can also provide some information about the SOC pro-

vided the battery is not fully charged [18].

2.8. Kalman filters

A Kalman filter is an algorithm to estimate the inner

119

dynamic system and one of the inner states is the SOC. The
estimation is based on a model of the dynamic system. At

the ZSW, Kalman filters with two models are specially
investigated. The first is a model based on [15], which is
seen as appropriate for PV applications and the second one

states of any dynamic system. In our case, the battery is the and 6.
Technique Field of application Advantages Drawbacks
Discharge test All battery systems Easy and accurate, | Offline, time intensive, modifies the battery state, loss
Used for capacity determination independent of SOH. of energy
in the beginning of life
Ah balance All  battery systems, most|Online, easy, accurate if|Needsamodel for the losses.
applications  (consumer, PV, |enough re-calibration points | Sensitive to parasite reactions.
EV). are available and with good Cost intensive for accurate current measurement
current measurement. . .
Needs regular re-calibration points
Physical properties of| Lead, possibly Zn/Br and Va Online Error if acid stratification. Low dynamic. Problem of
electrolyte (density, Gives information about|stability of sensors in electrolyte. Sensitive to
concentration, colour) SOH temperature and impurities.

Open circuit voltage

Lead, Lithium, Zn/Br and Va

Online, cheap

Low dynamic, error if acid stratification and needs long
rest time (current =0) for lead system. Problem of
parasite reaction (e.g. Sb poisoning by lead)

Linear model

Lead PV, possibility for other
battery systems ? (not tried yet)

Online, easy

Needs reference data for fitting parameters

Artificial neural network

All battery systems

Online

Needs training data of a similar battery

Impedance spectroscopy

All systems

Gives information about
SOH and quality. Possibility
of online measurement.

Temperature sensitive, cost intensive.

HEV)

D.C. Internal resistance | Lead, Ni/Cd Gives information about|Good accuracy, but only for low SOC
SOH, cheap. Possibility of
online measurement. Easy
Kalman filter Al battery systems, PV,|Online. Dynamic Needs large computing capacity.
dynamic  applications  (e.g. Needs a suitable battery model.

Problem of determining _initial parameters

is a more dynamical model, being a simplification of the
battery model in [16]. The models are shown in Figs. 5

Fig. 9. Summery of the different techniques for determination of state-of-charge, presented with their field of application, advantages and drawbacks.
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The results for the SOC determination from the Kalman
filter using the first model (Fig. 5) where presented in [5].
It was shown that the errors could be kept below 10% for
data of a 12V, 125 Ah flooded lead-acid battery, which
was cycled on a typical PV regime over a period of 2.5
years.

To apply the Kalman filter technique for data of a higher
dynamic, e.g. for a hybrid electric vehicle (HEV), the
second battery model (Fig. 6) has to be used. Since field
data of HEVs are not available, the results presented are
obtained using measurements performed on four 12V,
52 Ah (Optima Yellow Top) batteries by means of synthetic
hybrid cycles, generated with the simulation tool FAHR-
SIM [19]. Fig. 7 shows the current and voltage evolution
over time. The results of the SOC calculation with this data
and the dynamic model is shown in Fig. 8. Because no other
reference exists, the Kalman SOC is compared to the Ah
balance with the above described loss calculation based on
[2]. In total, only about 10 Ah were taken from the batteries.
Both SOC curves are very similar, the maximum difference
is 2% at the lowest SOC. Other cycles showed comparable
results.

These are first results with dynamic data and SOC deter-
mination using the Kalman filter technique. At ZSW further
work will be carried out to confirm the suitability of this
method for high dynamic applications.

3. Conclusion

The paper has given a short overview of the existing
techniques for the evaluation of battery SOC. Emphasis was
given to the lead-acid system even though many techniques
are also suitable for other systems. Fig. 9 summarises this
overview.

The most used technique at this time for all systems is Ah
counting because it is the most direct and transparent
method and quite easily implemented. It also gives satisfy-
ingly accurate results for short-time applications, especially
if used in the range of low to medium SOC. The determina-
tion of SOC by the means of impedance spectroscopy,
including ac and dc inductance measurements, is still a
subject of debate because of its temperature sensitivity
and the difficulty of its online implementation. New promis-
ing methods are:

e The linear model that is impressive for its simplicity and
because it delivers satisfying results for photovoltaic
applications.

o The Kalman filter that gives perspectives for high
dynamic usage (HEV, EV).

o The artificial neural network that can be implemented for
any battery and battery system provided enough training
data can be supplied.
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Abstract

The instability of silver(Il) oxide electrodes used in silver/zinc reserve batteries is the well known cause of capacity loss and delayed
activation in reserve batteries after they are stored in the dry, unactivated state for extended periods of time. Metal contaminants in sintered/
clectroformed electrodes destabilize the oxide and the solid state reaction between AgO and elemental silver results in the formation of the
lower capacity monovalent oxide Ag,O. Chemically prepared (CP) AgO can be used to avoid the metal contaminants and to minimize the
interfacial contact area between AgO and Ag, thus minimizing the affects of aging on the electrodes.

Electrodes were fabricated with CP AgO and polytetrafluoroethylene (PTFE) binder and expanded silver metal current collectors.
Experimentally, both electrode active material compacts (AgO and binder only) and electrodes complete with AgO/binder and silver current
collector were tested to evaluate the influence of the current collector on aging. The electrode samples were discharged at a constant rate of
50 mA cm ™2 before and after storage at 60°C for 21 days as well as after storage at room ambient temperature conditions for 91 months.

The results indicate that the affects of aging upon the AgO/binder compacts are insignificant for long term storage at room temperature.
However, thermally accelerated aging at high temperature (60°C) affects both transient and stabilized load voltage as well as capacity. In
terms of capacity, the AgO/binder mix itself looses about 5% capacity after 21 days dry storage at 60°C while electrodes complete with
current collector loose about 8%. The 60% increase in capacity loss is attributed to the solid state reaction between AgO and elemental

silver. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Silver oxides; Silver/zinc reserve batteries

1. Background

Silver/zinc reserve batteries are used in missiles and other
military applications primarily because of their very high
power density. The batteries can be stored in their dry,
unactivated state for several years until they are called upon
for operation. The batteries are activated by manually or
automatically injecting the electrolyte (typically KOH solu-
tion) into the cells.

The battery voltage and capacity tend to decrease as the
batteries age during the dry, unactivated storage period. A
major cause for the decline in performance of silver/zinc
reserve batteries is the instability of the silver electrode. To
date, most silver/zinc batteries are produced with sintered
silver electrodes which have been anodized in KOH solution
to produce silver oxide. Typically, the electroformed elec-
trodes contain a mixture of Ag, AgO, and Ag,O along with

“Corresponding author.
E-mail address: emfsys@pacbell.net (D.F. Smith).

Ag,CO; and residual H,0, KOH, K>COj; from the charging
process. The higher oxide commonly referred to a AgO has
been established to be Ag,03-Ag,0 [1].

Particular attention has been focused on the higher oxide
AgO, which has nearly twice the capacity of the monovalent
oxide (0.43 Ah g~ for AgO versus 0.23 Ah g~ ! for Ag,0).
However, the AgO is thermodynamically unstable. Dallek
et al. have reported a broad range for the activation energy
of decomposition (E,) from 100kJ mol™! to as high as
133 kI mol™! [2]. The lowest E, was from electroformed
electrodes while chemically prepared AgO had the highest
activation energy. Contaminant metals such as Cu can be
introduced as part of the electroformation process and have
been shown to significantly destabilize the AgO [3].

2. Chemically prepared silver oxide electrodes

In previous work, silver oxide (both AgO and Agy0)
electrodes were studied which were based upon the use of

0378-7753/01/% — see front matter € 2001 Elsevier Science B.V. All rights reserved.
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chemically prepared oxides [4]. The AgO was prepared by
persulfate oxidation of AgNO; and the Ag,O was prepared
by precipitation of AgNOj; solution with alkali. The stability
of such electrodes is believed to be greater than electro-
formed electrodes for several reasons.

Electroformed electrodes include a dispersed phase of
elemental silver particles because of incomplete conversion.
The relatively high surface area of the interface between
AgO and the Ag particles leads to the loss of AgO by the
solid state reaction:

AgO+ Ag — Ag,0

The destabilizing metal contaminants are completely
absent in the chemical oxide electrodes, which contain only
trace amounts of Ni, and Cu. Also absent are the residual
water and carbonates which can also affect the stability of
the AgO.

The most stable electrode is obviously made with the
stable oxide Ag,O, which has a decomposition temperature
of nearly 700 K. However, the higher capacity of AgO may
be required in a limited number of applications.

The subject of this paper is the electrical characterization
of electrodes produced with chemically prepared AgO as a
function of age.

3. Experimental method

Chemically prepared AgO was obtained from Ames
Goldsmith Company, Glens Falls, NY, USA. The oxide
was produced by persulphate oxidation of AgNO; solution.

The AgO was blended with PTFE binder. No additives to
increase the conductivity of the electrode active mass were
used. Samples of the compacted AgO binder were stored for
91 months at room ambient temperature. Subsequent tests
were performed to characterize the affects of the long term
storage under benign conditions and after storage at elevated
temperature.

4. Capacity after storage at 100°C

A baseline group of electrodes was prepared “fresh”
before the AgO/binder compacts were stored for the 91
months period. The nominal thickness was 0.35 mm and the
loading of AgO/binder mix was 120-140 mg cm ™ 2. The test
samples were then discharged in an excess of 6.3 M KOH
solution at room ambient temperature against a nickel foam
counterelectrode. The electrodes were discharged after var-
ious periods of dry oven storage at 100 + 1°C. The voltage
was measured against an amalgamated zinc reference elec-
trode and the capacity was determined to a cutoff voltage of
1.00 V at the discharge current density of 80 mA cm™>.
Corrected for the amount of binder and the assay amount
as AgO and Ag,O, the utilization without storage at high
temperature was 94.90% of the theoretical value.

Table 1
Utilization of oxides before and after storage at 100°C

Storage time at Utilization (to 1.00 V

100°C (h) versus Zn(Hg) reference) (%)
Fresh, no storage 94.90
425 70.45
95.0 53.34
168.0 4311
250.0 4471

The remaining electrodes were removed from the storage
oven after various periods of time, then discharged as
described above.

The results are presented in Table 1 and in Fig. 1.

5. Real time aging of the AgO/binder mix before
electrode fabrication

Compacted portions of the blend of AgO and PTFE were
stored at uncontrolled room ambient temperature condition
for 91 months. The compacts were then pressed onto silver
expanded metal current collecting grids. The thickness and
loading of the resulting electrodes was nominally 0.15 mm
(50 mg cm %) and 0.30 mm (125 mg cmfz).

The discharge tests characterize the affects of the long term
(years) room temperature aging and the PTFE binder on the
stability of the AgO. The electrodes were discharged in excess
6.3 M KOH at 20-21°C, at a current density of 50 mA cm 2.
A machined acrylic test fixture was used which positioned a
foam nickel counterelectrode, a separator (Celgard 3401), the
working electrode, and an amalgamated zinc reference in a
reproducible manner. Accordingly, the electrode was dis-
charged from one face only, with the reaction zone being
up to 0.30 mm in depth. The reference electrode was located
3 mm behind the centrepoint of the working electrode.

An EG&G Model 362 Scanning Potentiostat was used to
discharge the test cells. The voltage of the working electrode
(versus reference) was recorded with a 16 bits PC-based data
acquisition system.

The capacity of the AgO electrode was calculated from
the time to reach a cutoff voltage of 1.000 V versus refer-
ence. The utilization in terms of percentage of the theoretical
value was corrected for the amount of inert binder, and the
percent AgO and Ag,O in the original sample. The correc-
tion for the amount of binder assumed perfect dispersion of
the PTFE. The data is presented in Table 2

The results are in rough agreement with the calculated
decomposition rate predicted by Dallek [S] who calculated a
minimal 0.4% conversion of CP AgO to Ag,O in a 101
months storage period at 25°C.

Given the experimental error in our tests, no measurable
decrease in capacity was observed after the actual long term
aging for the AgO-PTFE mix itself, indicating that the
PTFE and the process itself had no significant destabilizing
affect upon the AgO.
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Fig. 1. Utilization of oxides before and after storage at 100°C.

6. Accelerated aging of the AgO/binder mix before
electrode fabrication

One of the many thermally accelerated aging test methods
is to subject batteries to oven storage at 60°C (333 K) for 21
days. Using the predictive model of Dallek [5]. only 0.64%

Table 2
Utilization of the AgO/binder mix to 1 V versus zinc reference electrode
after storage for 91 months at room temperature

Test electrode Thickness Utilization Average voltage (V)

number (mm) (%) (versus Zn(Hg) reference)
1 0.15 97.77 1.54
2 0.30 100.99 1.55
3 0.30 101.84 1.56
4 0.30 100.28 1.55
5 0.30 100.19 1.57
6 0.30 100.11 1.56

of the CP AgO is predicted to decompose after the 21 days
dry storage at 60°C (0.34% capacity loss).

The electrodes were prepared in an identical manner as
described in clause 3. In this case, however, the AgO/binder
compacts (no current collector) were heated at 60 £+ 1°C for
21 days in a mechanically convected oven. After heat
treatment, the AgO/binder mix was then applied to silver
expanded metal current collectors. The electrodes were then
discharged in half cells under the same conditions as pre-
viously described, at a current density of 50 mA cm ™2,

The results are presented in Table 3

On average, the 60°C storage for 21 days resulted in a loss
in capacity of about 5.6% rather than the predicted 0.34%
loss. In addition to the loss in capacity, a degradation in
voltage was noted. The initial open circuit potential (OCP),
the initial load voltage at 50 mA cm_z, and the stabilization
voltage at 1 s is summarized in Table 4, comparing room
temperature aging (91 months) and high temperature aging
(60°C for 21 days).
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Table 3
Utilization of the AgO/binder mix to 1V versus zinc reference electrode
after storage for 21 days at 60°C

Table 5
Utilization of electrodes to 1V versus zinc reference electrode after
storage for 21 days at 60°C

Test electrode Thickness Utilization ~ Average voltage (V) Test Thickness Utilization Average voltage (V)
number (mm) (%) (versus Zn(Hg) reference) electrode (mm) (%) (versus Zn(Hg) reference)
7 0.30 95.78 1.50 A 0.30 96.37 1.49
8 0.30 92.97 1.55 B 0.30 88.53 147
9 0.30 94.34 1.52 C 0.30 89.85 1.51
10 0.30 94.83 1.50 D 0.30 93.45 1.53
11 0.29 94.02 1.47 E 0.30 94.32 1.52
F 0.30 93.84 1.52
G 0.30 90.84 1.53

As indicated in Table 4, the open circuit potential for room
temperature aged AgO/binder electrodes was not reprodu-
cible and was somewhat less than expected. The deviation
from the AgO/Ag,0 potential is assumed to be the result of
the 91 months room temperature storage of the AgO/binder.
However, after storage at 60°C for 21 days, the OCP
approached that of the Ag,O/Ag vs Zn.

It is assumed that the decomposition of AgO to Ag,O and/
or the formation of Ag,CO; are surface phenomena, and
when the mix compact was applied to the silver current
collector (after thermal treatment) the Ag,O and/or Ag,CO4
interface with the Ag is the cause of the depressed voltage.

7. Thermally accelerated aging with a silver grid in
contact with the mix

Tests were performed to determine the affect of the solid
state reaction between AgO active material and the silver
metal current collector:

AgO + Ag — Ag,0

Electrodes were fabricated by applying the AgO/binder
compact to silver current collectors, using the identical
process described above. In this case, however, the complete
electrodes with Ag current collector in place were heated at

Table 4

60°C for 21 days in a mechanically convected oven. The
electrodes were then discharged in flooded half cells at the
same current density (50 mA cm™?).

The capacity and average load voltage of the test electro-
des is summarized in Table 5.

Fig. 2 shows the typical performance at 20°C,
50 mA cm ™2 current density, for a CPAgO electrode. Elec-
trode A is shown.

The apparent affect of the current collector during storage
at 60°C for 21 days is a greater reduction in capacity (on
average about 7.5 versus 5.6% for the previous tests of AgO/
binder without the current collector). The capacity loss is a
significant deviation from the predicted 0.64% decomposi-
tion for CP AgO alone. The apparent difference is caused by
the solid state reaction of the Ag grid with the AgO.

The data, however, indicates an increased stability over
the typical for sintered and electroformed silver electrodes.
Bagshaw and Brown [6] observed a 23.9% capacity loss
after 1 month storage at 60°C, while Bowers and Gubner [7]
found a reduced capacity loss of about 10% after 1 month at
54°C. The variability of the sintered electrodes is presum-
ably caused by the influence of the grid, the unconverted
silver phase, and the destabilizing contaminants which are
associated with the electroformed electrodes.

Comparison of electrode performances following room and 60°C storage of the constituent mix

Test electrode/aging Open circuit voltage

Voltage at 100 ms Voltage at 1s

temperature (versus Zn(Hg) reference) (V) (versus Zn(Hg) reference) (V) (versus Zn(Hg) reference) (V)
1 (Room) 1.7370 1.5317 1.5824

2 (Room) 1.8497 1.4900 1.5655

3 (Room) 1.7620 1.4952 1.5928

4 (Room) 1.6728 1.5055 1.5502

5 (Room) 1.7130 1.5502 1.5876

6 (Room) 1.6895 1.5340 1.5583
Average + 1 S.D. 1.737 £+ 0.064 1.517 £+ 0.024 1.573 4+ 0.017
7 (60°C) 1.6604 1.4422 1.4742

8 (60°C) 1.6950 1.5249 1.5515

9 (60°C) 1.6759 1.3824 1.4146

10 (60°C) 1.6725 1.5019 1.4782

11 (60°C) 1.6786 1.1632 1.3384
Average + 1 S.D. 1.676 + 0.012 1.403 4 0.145 1.451 + 0.079
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Fig. 2. Typical 20°C performance of chemically prepared AgO (electrode A) at 50 mA cm™~.

The initial OCP, the initial load voltage at 50 mA cm ™2

and the stabilization voltage for the thermally aged complete
electrodes is summarized in Table 6.

As indicated in Tables 5 and 6, the open circuit potential
has approached that of the Ag,O/Ag electrode. In this case,
the Ag,O at the active material/grid interface is probably the
Ag,0 reaction product from the solid state reaction with the
grid itself.

Of note is the data in Table 6,which shows much improved
transient performance for the aged samples, which included
the grid during the thermal treatment. It appears that the grid
interface is much more uniform for this case.

Fig. 3 shows the onset of polarization of an electrode
which has not been thermally aged and one which has been

Table 6
Performance of thermally aged electrodes, following 21 days at 60°C

2080
2160
2240
2320
2400
2480
2560
2640
2720
2800
2880
2960
3040
3120
3200
3280
3360
3440
3520

2

subjected to dry storage at 60°C for 21 days. The tests
chosen were those electrodes from the groups which exhib-
ited the greatest voltage dip. There is scatter in the data, but
the general trend of the limited number of tests is toward an
increased magnitude of the voltage dip for the thermally
treated samples. There is also an increased steady state
polarization (by ~50 mV) resulting from the thermally
accelerated aging.

8. Summary

The sintered and electroformed silver electrodes normally
used are a mixed composition of Ag, Ag,O, AgO, and

Test electrode Open circuit voltage

(versus Zn(Hg) reference) (V)

Voltage at 100 ms
(versus Zn(Hg) reference) (V)

Voltage at 1s
(versus Zn(Hg) reference) (V)

A 1.5971
B 1.6244
C 1.6139
D 1.6182
E 1.6118
F 1.6233
G 1.6534
Average £ 1 S.D. 1.620 + 0.017

1.4773 1.4927
1.4423 1.4586
1.4773 1.4586
1.5052 1.5162
1.5575 1.5077
1.5613 1.5120
1.4882 1.5273
1.501 + 0.044 1.527 + 0.022
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Fig. 3. Onset of polarization of an electrode which has not been thermally aged and one which has been subjected to dry storage at 60°C for 21 days.

Ag,CO;. As a consequence of the random nature of the
anodization process and the electrode morphology, the
electrodes have a random chemical composition and mor-
phology, which affects the performance of the electrodes,
especially after aging.

Destabilizing contaminants such as Cu, residual water,
and K,CO; are extremely difficult to exclude from the silver
oxide plates which are processed by anodization in aqueous
media. Particularly, troublesome are the metallic contami-
nants.

Many of the aforementioned problems can be avoided by
the use of chemically prepared silver oxide and a non-
reacting binder such as polytetrafluoroethylene. With such
electrodes, a highly ordered structure free from a dispersed
phase of elemental silver will be more stable than the
sintered/electroformed variety, which can have a substantial
amount of unreacted silver in random locations.

The decomposition of chemically preperaed AgO itself
follows an Arrhenius behavior which can be predicted with
reasonable accuracy. The electrochemically converted elec-
trode active material, however, is much more difficult to
model, because of the random nature of the electrodes and
the existence of destabilizing contaminants.

As shown in the tests which are the subject of this paper,
the predicted conversion of AgO to Ag,O as a consequence
of aging is much less than the actual experience, presumably
due at least partially to the reaction of between AgO and the
grid.

Of prime importance is the fact that the efficiency of
discharge for the chemically prepared AgO electrodes is
extremely high, and there is only a small amount of inert
binder. Accordingly, the electrodes have a much higher
energy density at the plate level than normal sintered and
electroformed electrodes. In previous work, the energy
density of this type of AgO and sintered and electroformed
electrodes was determined at high discharge rate. The tests
were conducted in driven cells in flooded electrolyte in
similar fashion to the tests described in this work [4].
The results are summarized in Table 7.

However, in some applications which require very precise
voltage regulation and rapid activation, even chemically
prepared AgO can cause problems. The data indicate a
decline in the reproducibility of transient voltages with load
changes after accelerated aging. The oxygen evolution as a
consequence of AgO instability can also cause passive films
to build on zinc electrodes which is known to impair the
rapid activation of some batteries.

Table 7
Comparison of the performances of chemically and sintered/electroformed
AgO

Electrode Average Utilization Whg™' Whem™
type (AgO) voltage (V)  (Ahg™")

Chemically prepared  1.526 0.428 0.446 2.585
Sintered/electroformed 1.594 0.233 0.259 1.825
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Abstract

Several advanced cellulosic and radiation grafted polypropylene membrane materials are currently under evaluation in the laboratories at
Navsea Crane and Rutgers University, for application to alkaline primary and rechargeable cell chemistries which employ zinc as the anode
material. A portion of these tests involve model cell evaluations of cellulosic membranes for silver migration rates through the membranes
as a function of separation layers and changes in the degree of polymerisation (DP), wet tensile strength (WTS) and voltage changes at both
electrodes as a function of model rechargeable cell life cycle. Other testing on the actual membranes is generating data for both cellulosic
and polypropylene materials on impedance, swelling properties, and silver and zinc penetration rates. The overall goal of these
investigations is to obtain candidate separation membranes which will reduce zinc anode shape change and shedding and resist alkaline
oxidative degradation to extend the active wet life in primary cells and both wet and life cycle in rechargeable cells. © 2001 Elsevier

Science B.V. All rights reserved.

Keywords: Silver/zinc rechargeable cells; Separators/cellulosic; Separators/graft copolymer

1. Introduction

In previous papers [1-7] several of the authors developed
concepts relating to the improvement of separations used in
alkaline cells, particularly as they are applied to the
rechargeable silver-zinc chemistry.

The standard separation for over 60 years has been
cellulosic, because of its resistance to zinc dendrite growth,
to alkaline and oxidative degradation, and because it is very
inexpensive. However, its limitations which impact useful
cell life are its gradual loss of tensile strength and degree of
polymerisation (DP) under the alkaline oxidative effects of
AgO and concentrated KOH, and the loss of volumetric
energy density and large internal impedance which result
from the required multiple layering.

This report presents the results of model cell studies with
cellulosic membrane separations for changes in voltage at
the plates, separation wet tensile strength (WTS) and DP,
loss of discharge capacity, and rates of silver migration, all at

" Corresponding author.
E-mail address: lewis_h@crane.navy.mil (H. Lewis).

intervals in life cycle. In these studies, Viskase sausage
casing and UCB cellophane films of an experimental nature
were evaluated.

2. Experimental

The cell sets are identified as follows (five sets of seven
rechargeable silver/zinc cells of nominal 26 Ah capacity
were constructed at Eagle-Picher Industries on 21 Septem-
ber 1999):

Set 1 — Standard 1 mil (dry) Flexel film (Lot 139013
from 04/06/98, EPI no. 40330020): Cathode/1 x 3 mil Pel-
lon/6 x 1 mil Flexel (U-wrap) Anode/1 x 3 mil Pellon.

Set 2 — New 1 mil (dry) UCB, Bridgwater, UK film (Lot
161602 from 02/24/99, EPI no. 40330020): Cathode/
1 x 3 mil Pellon/6 x 1 mil UCB (U-wrap) Anode/l x 3
mil Pellon.

Set 3 — PVA film with Viskase fibre-reinforced tubular
sausage casing (FRSC), (1 month old, special preparation,
Chicago plant): Cathode/1 x 3 mil Pellon/1 x 2 mil PVA/
1 X 5.9 mil FRSC (tube wrap) Anode/1 x 3 mil Pellon and
10 x 10 mil Vinylite shims.

0378-7753/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
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sausage casing (USC), (2 weeks old, special preparation,
Spain plant): Cathode/l x 3 mil Pellon/1 x 2 mil PVA/
1 x 2.3 mil USC (tube wrap) Anode/1 x 3 mil Pellon and
3 x 30 mil Plexiglass shims + 1 x 10 mil Vinylite shim.

Set 5 — New 1.75 mil (dry) UCB, Wigton, UK film (02/
98, special preparation): Cathode/l x 3 mil Pellon/
3 x 1.75 mil UCB (U-wrap) Anode/1 x 3 mil Pellon and
1 x 30 mil Plexiglass shim + 2 x 10 mil Vinylite shims.

These five sets of seven cells each were all designated for
life cycle study. All cells were filled to the red mark with 45%
KOH in a standard filling procedure with vacuum application.
All cells were charged at C/30rate t0 2.02 V + C/60 rate top-
off to 2.04 V and discharged at C/6 rate to 1.20 V. The first
three were ‘‘formation” cycles, which were counted towards
life cycle. After 3 cycles one cell was withdrawn from each
Set in a discharged state and dissected for baseline silver
migration, DP and WTS for the separation. Additional cells
were to be withdrawn at 25, 50, and 75 cycles for similar
dissection evaluations. Failed cells were also dissected for
failure mode and evaluation of properties.

The intent was to establish the degradation and failure
processes and their rates. These data were to be compared to
standard 1 mil (25 um) cellophane degradation and failure
rates (Set 1).

Cells were fitted with a third reference electrode consist-
ing of a silver wire amalgamated with mercury to provide for
anode potential versus the mercury electrode to obtain data
on anode performance and cell impedance during testing.

Data evatuations included discharge Ah, silver migration,
DP and WTS, all versus life cycle (in number of cycles) and
state-of-health during testing from the plate voltage mea-
surements.

3. Results and discussion
3.1. Tensile strength measurements

Fig. 1 presents the comparison between 1 mil Flexel
cellophane (Set 1) and 1 mil UCB cellophane (Set 2). A
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Fig. 1. Flexel vs. UCB tensile strength.
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Fig. 2. RSC vs. USC tensile strength.

fourth datum point was available for Flexel for layer 6
because one cell failed at 12 cycles. This value,
1 x 101b, was right on line with the other layer 6 data.
(layer 1 is the closest to the cathode.) Loss of tensile strength
for the innermost layer in both cellophanes is greater with
life cycle than for the outermost layer. Overall, the Flexel
cellophane started with greater tensile strength and retained
greater tensile strength with life cycle. All three layers of
UCB cellophane were too weak for measurement at 50
cycles.

Fig. 2 shows the comparison between 1.75 mil USC (Set 3)
and 5.9 mil FRSC (Set 4). The FRSC showed overall greater
tensile strength, but its rate of degradation was much greater.

Fig. 3 presents data for the UCB single ply (1 mil, Set 2)
versus double ply (1.75 mil, Set 5) cellophane.

Data for the double ply are problematical because in the
baseline measurements the material showed two peaks, one
for each layer, with the second break point at about twice the
value for the first, and at 25 cycles, about 4x. The average
values are plotted. At 50 cycles, both materials were too
weak for measurement, as the cellophane fell apart during
dissection. From the data, it appears that initially and
through 25 cycles, the single layer film was stronger than
the double.
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3.2. Silver migration data
30
—o— Cycles vs Set 1 Avg Ah
In Fig. 4, total silver migration data from Sets 1 (Viskase), . R ot b A I
2 (UCB single ply), and 5 (UCB double ply) are plotted for
life cycle. There appears to be no significant difference in the ® g6
amounts of silver accumulating in the separations. 3
In Fig. 5, the same data for Sets 1, 3 (FRSC) and 4 (USC) 'f,f, 24
are plotted, and here, there appears to be very little differ- 2
ence between the cellophane and the FRSC, however the E 22 4
USC separation exhibited a consistently higher rate of silver
migration. But this did not influence performance because 20
the silver was trapped in the PVA layer and did not appear in
18 . , ; ; :

the SC layers.

3.2.1. Discharge capacity data

In Fig. 6 are plotted the data for Flexel cellophane (Set 1)
versus UCB (Sets 2 and 5), both single and double ply. The
data plots for all three separations are about the same, with
only a small advantage for the Flexel material. In Fig. 7 the
data for Flexel (Set 1) versus the two SC separations (Sets 3
and 4) are plotted, and again there is very little difference,
with a small advantage to Flexel out to 30 cycles, after which
both SC materials exceed cellophane in discharge capacity.

Total Silver - g
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Fig. 5. Viskase vs. SC silver migration.
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Fig. 7. Flexel vs. SC discharge capacities.

3.2.2. Degree of polymerisation data

In Fig. 8 the data are plotted for DP changes with life
cycle. The method of measurement is by an ASTM techni-
que [8]. From the data plots, it is obvious that the DP
decreases drastically in just the first few cycles and then
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Fig. 8. Change in DP with cycling.
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Fig. 9. Voltage measurement data for Set 1 cell 5.

decreases more slowly with cycling. All the plots appear to
be trending toward a common minimum with cycling.

3.3. Voltage measurement data

The data for the voltage measurements with a third
electrode are plotted for a single set in Fig. 9.

Voltages were only determined for Set 1 (Flexel cello-
phane) cells because the intent was to see if the anode
voltage would change as it underwent shape change. No
change in the voltage profiles was observed for any of the
cells, and the data for cell 5 in Set 1 are representative of all
the cells in this set. It was not possible to obtain voltage
measurements beyond the 31st cycle because of zinc shed-
ding in the cells.

4. Conclusions
4.1. Wet tensile strength and degree of polymerisation

From the WTS data (Figs. 1-3), it seems that both the
UCB films and the USC tubing lose their tensile strength by
the 50th cycle. The outermost layers of Flexel cellophane
retained some strength, as did the FRSC tubing. The gradual
alkaline hydrolysis and silver oxidation of cellulosic separa-
tions are the major contributors to loss of strength, and this
loss is generally accompanied by shorting failure as the
separations become more amorphous in character [9]. The
loss of strength is also reflected in the DP data (Fig. 8), to a
lesser extent, because all the separations, although the two
SC maintained about 50% greater DP at 50 cycles than the
cellophane films.

4.2. Silver migration rates
These data show that for the cellophane films (Fig. 4) the

total silver accumulation in the respective films is constant
with life cycle. Layer-by-layer data for the two 1 mil films

(Flexel and UCB) show that the migration beyond layer 3
was very small at 50 cycles, while for the 2 mil UCB film,
the migration stopped at layer 2.

For the two SC materials versus Flexel (Fig. 5) the
migration rates were about the same, while the layer-by-
layer data show no silver beyond the PVA film layer at 50
cycles. So one layer of either SC in combination with the
PVA film served as an effective silver barrier an also
prevents zinc dendrite formation.

4.3. Discharge capacities

These data show identical behaviour (Fig. 6) for both
UCB films versus Flexel, out to 40 cycles, after which the
1 mil UCB set cells began shorting. However, the double
layer (2 mil, Set 5) cells were performing as well as the
Flexel cells (Set 1) at 50 cycles.

The SC data in comparison to Flexel (Fig. 7) are espe-
cially interesting, because both SC separations tracked the
Flexel performance out to 50 cycles, with no cells lost to
shorting. The importance of these data is in the available
volume generated by the reduction in separation wet swollen
thickness (ca. 30 mil total for VUSC versus 48 mil total for
Flexel) for energy density increases through the use of just
one layer of tubular SC with PVA.

4.4. Reference voltage data

These measurements, in the way in which we performed
them, did not provide useful data for evaluation of shape
change in the anode in any of the Flexel cells used. There
was no evident variation in anode voltage out to 31 cycles,
where measurements were discontinued because the refer-
ence electrode shorted against the shed zinc.

5. Recommendations

The substitution of double-ply UCB cellophane film for
UCB single-ply (which is the current film available for
silver—zinc rechargeable cells) is a definite advantage, for
at least two reasons:

1. it is much less subject to dendritic hard shorting by zinc
and retains some DP after long cycling;

2. it may be possible to combine one or two layers of this
separation with a layer of PVA film, yielding a
volumetric savings which could be used to increase
the energy density.

The substitution of a single tubular layer of either VUSC
or VFRSC with a layer of PVA film for cellophane film is
definitely an advantage in that:

1. the discharge capacity life is equally good;
2. the tubular sausage casings retain WTS and DP during
cycling to as greater degree;
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3. the additional volume available in the cell case will
allow at least a 25% increase in volumetric energy
density, which is very significant for mission capabilities
in Navy undersea platform applications.
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Abstract

This work is devoted to the electrochemical aspects of high-power testing of primary alkaline LR6 (“AA”) cells and to the factors
influencing cell performance, namely the corresponding zinc anode behaviour under such high-rate conditions. The influence of the high-
rate testing regime, such as the discharge mode and the end-potential, on zinc utilisation in alkaline cells has been monitored and its
behaviour has been isolated by means of a pseudo-reference electrode.

As anticipated, anode formulation, including zinc alloy composition and size distribution, is found to affect the cell’s discharge curve and
the corresponding zinc electrode potential and utilisation. The effects of these parameters on the discharge curve are discussed in terms of
three stages of discharge.

Finally, the high-rate capability of commercial LR6 cells is analysed in terms of zinc anode formulation. It was concluded that zinc
electrode polarisation is very small and is relatively independent of manufacturer, of zinc anode formulation and of zinc alloying. On the
other hand, metallic zinc utilisation remains very low under high-rate conditions. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Zinc-alkaline primary cells; Zinc anodes

1. Introduction

Although aqueous and non-aqueous rechargeable bat-
tery markets have been growing very fast, the primary
alkaline manganese (PAM) cell remains widely used in an
impressive variety of applications and devices. Small
sizes, such as LR6 (“AA”) and LRO3 (“AAA”) alkaline
cells, even demonstrated consistent growth over the past
decade as a result of continuous improvement of their
overall cell performance, namely their high-rate or high-
power capability. This gain is closely related to major
improvements in cell components and engineering, which
resulted in lower cell impedance and improved active
material utilisation.

High-performance and standard commercial PAM cells
have been tested under various discharge conditions. Takei
et al. [1] found a significant difference between commercial
cells of different manufacturers for a continuous 1 A dis-
charge. This difference was found to vanish at low discharge
currents and higher temperatures {2]. Unfortunately, the
potential-time discharge curves do not provide any insight
into the electrochemical behaviour of zinc anodes. Modei-
ling of cylindrical alkaline cells showed that cell perfor-
mance under high discharge rates cannot be understood
without modelling the zinc anode and by taking into account

“ Corresponding author.
E-mail address: jean-yves.huot@ntc.noranda.com (J.-Y. Huot).

anode porosity, KOH concentration, zincate ion distribution
and (un)confinement to anode [3]. Previous out-of-cell
anodic discharge capacities of gelled zinc alloy in electro-
chemical cell also showed the strong influence of zinc
powder parameters on anode performance, namely the
chemical composition and the presence of fine zinc particles
[4].

The primary focus of this paper is to investigate the
electrochemical aspects of high-power testing and factors
influencing PAM cell performance, namely the correspond-
ing zinc anode behaviour under high-rate conditions.

2. Experimental

Commercial and experimental LR6 alkaline cells were
tested at room temperature and under controlled humidity
with a Maccor Battery tester, System Series 4000. The cells
were tested in triplicate.

Unless otherwise mentioned, commercial cells were pur-
chased in 2000, with expiration dates after 2004. Experi-
mental cells were half-cells supplied by a battery company,
and filled with gelled zinc anode material containing a 2:1
ratio of zinc powder and alkaline solution mixed to 0.6 wt.%
Carbopol 940. The alkaline solution was 40 wt.% KOH
(Fisher SP236) containing 3 wt.% ZnO (Baker). Each
experimental LR6 cell contained about 5.4 g of gelled zinc,
or 3.6 g of zinc powder.

0378-7753/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0378-7753(01)00496-7




134 J.-Y. Huot, M. Malservisi/Journal of Power Sources 96 (2001) 133-139

Unless otherwise mentioned, one pseudo-reference zinc
electrode was inserted in the first layer of a multi-layer
separator of a few LR6 cells, and both total potential and
zinc potential with respect to this pseudo-reference zinc
electrode were then recorded during cell discharge. In some
cases, a second pseudo-reference electrode was inserted into
the second layer of the separator. Cell component impedance
was measured with a Solartron 1286 potentiostat and a 1260
frequency analyser.

Zinc alloy powders were made by gas atomisation of
99.995% molten zinc. Five alloys were tested, pure zinc, Bi—
Zn, Bi-In—Zn, Bi-Al-Zn, and Al-Bi-In (ABI).

3. Results
3.1. The high-rate discharge of alkaline LR6 cells

Cell discharge is associated with a cell impedance that
consumes part of the cell energy and induces cell polarisa-
tion which decreases cell potential. Cell polarisation consists
of activation/concentration polarisation of zinc anode, acti-
vation/concentration polarisation of MnO, cathode, and IR
loss in cell components such as electrodes, separator, and
current collectors [5].

The contribution of cell components to the limited capa-
city and material utilisation of alkaline cells cannot be
extracted from the overall discharge curve unless cell com-
ponent potential and impedance are monitored as well. This
was achieved by monitoring impedance and potential with
respect to two reference zinc electrodes inserted in different
layers of the separator. Cell impedance was measured from
high to low frequencies, and ohmic contribution of cells and
cell components was estimated at high frequencies, while
electrochemical impedance associated with cell reaction or
zinc oxidation was computed at the low end of the Z"-Z/
semi-circle (Bode plot). The contribution of mass transfer
was not taken into account. These results are summarised in
Table 1.

The ohmic loss in alkaline cells at 1 A (R..;) increases
from 100 mV to 200 mV with increasing depth of discharge
or decreasing cell potential, while the main contributors
remain the increasing ohmic loss in active materials (R, and
Rmno,). On the other hand, the electrochemical factor is

Table 1
Impedance of LR6 cell components at various end-point potentials®
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Fig. 1. Ideal and actual discharge curves of LR6 alkaline cells, and effects
of cell impedance and electrochemical zinc impedance.

quite stable with increasing depth of discharge, and remains
lower than the ohmic factor. The consistency of the electro-
chemical part means that the activation overpotential
remains constant with increasing depth of discharge.

The impact of these factors is illustrated in the Fig. 1,
wherein an actual discharge at 1 A is compared to the ideal
cell discharge computed without any polarisation and ohmic
loss. The ideal cell would provide about 5.5 Wh of energy
per LR6 cell containing about 4 g of zinc, while the actual
cell will deliver much less, with a material utilisation reach-
ing 25% at 1 A continuous discharge. The absence of ohmic
loss would actually double the energy output at the end-point
potential of 1.0 V, while the absence of zinc overpotential
(activation) would not significantly improve overall cell
performance. The remaining gap between corrected and
ideal cell potential curves can therefore be attributed to
MnO, discharge and mass transfer in zinc and MnO,
electrodes. Further reduction in cell polarisation will there-
fore not improve cell performance if the active materials
utilisation remains low. It should be noted that increasing
ohmic loss can be hardly distinguished from chemical
passivation near the end-point potential of 0.9 V.

3.2. High-rate testing of commercial cells

The cell and zinc potentials of commercial North-Amer-
ican (NA1 through 3) LR6 cells were monitored during
continuous discharge at 1 A. Fig. 2 shows that the discharge
curves of the three brands are quite similar and much better

Cell-potential (V) Ohmic resistance

Electrochemical impedance

Reen Rzn Rwno, Reenl Rzq
Open circuit 0.106 0.032 0.018 0.054 0.048 0.036
1.2 0.117 0.021 0.018 0.060 0.053 0.019
1.0 0.100 0.028 0.024 0.083 0.042 0.035
0.9 0.131 0.048 0.018 0.068 0.061 0.043
0.6 0.180 0.048 Small 0.110 0.071 0.014

* Note: “Sep” stands for separator.




J.-Y. Huot, M. Malservisi/Journal of Power Sources 96 (2001) 133-139 135
1.6
1.5 01 N
Z 1.4 - 0.2 >
B 1.3\ %
g 12 1 |
= 1.1 g
8 14 } 3
09 ¢ NA2 \;TK?:&“— 07 £
0.8 T T T ; T 0.8
0 10 20 30 40 50

Time /min

Fig. 2. Cell potentials and zinc potentials with respect to the pseudo-reference zinc electrode monitored during the continuous discharge at 1 A of

commercial LR6 cells.

than the old PAM generation that was tested in 1998. Cell
potential drops by about 500 mV over the entire discharge
curve, while zinc anodic potential remains relatively flat at
about 100 mV until cell potential reaches the end-point
potential of 0.9 V. From the previous section, it can be
stated that 50% of zinc polarisation is due to ohmic loss,
while the other 50% is associated with the electrochemical
oxidation of zinc in the early stage of the discharge.

The performance of these LR6 cells is cathode-limited as
zinc potential does not drop simultaneously with the cell
potential. NA2 cell performance was however found to be
slightly lower than the others, while its zinc potential was
quite similar to others up to 45 min, when it suddenly drops.
This behaviour suggests that the NA2 zinc anode performs
slightly less than NA1 and NA3, which are clearly cathode-
limited. The lower performance of NA2 is much more
apparent at 1 Q and much less apparent at 1 W (Fig. 3).
This is likely to be related to the initial discharge current that
decreases in this order: 1Q > 1A > 1W, as the latter
corresponds to a mid-rate discharge. On the other hand, it
was well established that the constant load discharge is the
least severe discharge mode, if performed at the same
starting discharge current, when compared to constant cur-
rent and constant power [6].
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Fig. 3. Discharge profile of commercial LR6 cells under two continuous
discharge modes, 1 Q and 1 W.

As anticipated from previous work [7], the first part of
both the cell and zinc discharge curves is found to follow a
basic potential-time E—¢'"? function. This function for cell
and zinc suggests some similar time dependence for the
cathode that has actually been reported by Laig-Horstebrock
[8]. Table 2 shows that this slope depends upon both the
discharge conditions and,-to a lesser extent, the cell man-
ufacturer. The zinc electrode contributes about 3 mV s~
or 25% of cell potential drift, in perfect agreement with the
extrapolated value of 3 mV s~'% at 250 mA g~ for gelled
zinc electrodes in electrochemical cells [9].

It appears that zinc electrode polarisation consumes about
100 mV. This begins in the first part of the zinc discharge
curve, while zinc utilisation in commercial anodes is estab-
lished in the third part of the zinc discharge curve and would
hardly exceed 25% at 1 A, or about 250 mA g~" Zn. This
result is in fairly good agreement with the alkaline cell
discharge modelling that showed a similar zinc anode over-
potential and a separator ohmic loss of about 100 mV each
[6]. The actual cell potential curvature can therefore be
largely attributed to the S-shaped discharge curve of MnO,
due to the homogeneous-phase discharge which generates an
S-shaped open-circuit potential versus Mn(III)/Mn(IV) ratio
[10].

3.3. The electrochemical aspects of high-rate discharges

A Ragone plot of commercial LR6 cells is illustrated for
three end-point potentials in Fig. 4. The energy output drops

Table 2
Initial E~r'"* slope of discharge curve for three commercial LR6 cells
Cell Slope E vs. 2 vs. discharge mode (V s

Zn anode at 1 A 1A 1Q 1w
NAl 0.0031 —0.0134 —0.0158 —0.0114
NA2 0.0031 -0.0114 —0.0118 —0.0093
NA3 0.0034 -0.0114 —0.0110 —0.0095
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Fig. 4. Ragone plot of commercial LR6 cells for three end-point
potentials.

drastically when cell power reaches 0.5 W. As anticipated,
this drop is more severe with increasing end-point potential.

In the Fig. 5, zinc utilisation and energy are plotted in a
modified Ragone plot of commercial alkaline cells, where a
schematic of the discharged anode at the end-point potential
of 0.9V is superimposed on energy and zinc utilisation
curves. Schematics were drawn from color pictures of zinc
cross-sections obtained from cut open cells which had been
discharged down to 0.9 V. Basically, we can identify three
types of zinc, gray-fresh zinc, blueish discharged zinc, and
white-very discharged zinc. After high-rate discharge at
2W, a very thin disk layer of blueish zinc precipitate is
observed near the anode-separator interface, as reported for
dissected discharged cells [3,11], while undischarged gray
zinc is easily observed in the bulk of the anode. A Raman
spectroscopy showed that blue coloration is due to ZnO [11].
The blue-discharged area expanded with decreasing power
down to 100 mW, while a white-very discharged layer
started forming within the blue-discharged zinc. This sug-
gests that some deeper discharge of zinc and increased zinc
utilisation are associated with the lower power. The center
area remains undischarged until the extremely low power of
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Fig. 5. Modified Ragone plot of commercial LR6 cells. A schematic
cross-section of a discharged zinc anode is superimposed on the curves.

10 mW is reached, at which point zinc utilisation reached
almost 100%.

Modelling of cylindrical alkaline LR6 cells demonstrated
that the discharge layer moves toward the current collector
with increasing discharge time [12], while a higher zincate
concentration near the separator and corresponding zinc
oxide precipitation near or in the separator could shorten
cell life at increasing discharge rates.

3.4. Zinc alloy powders

Experimental LR6 cells containing various zinc alloy
powders were discharged at 1 A after ageing for 7 days at
room temperature. Discharge curves of five zinc alloys are
shown in Fig. 6. The discharge curves basically superimpose
down to 0.9 V, when the pure zinc alloy failed prematurely.

Zinc electrode potential drops in the first 10 min of
continuous discharge at 1 A, where the electrode potential
follows an E—¢' function. The potential of the five zinc
alloys then reaches a plateau at 120-150 mV for 20 min
(Fig. 7). The potential of the pure zinc electrode increases
suddenly after 40 min at 1 A, and this change coincides with
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Fig. 6. Discharge curve at 1 A of LR cells containing various zinc alloy powders.
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Fig. 7. Zinc electrode potentials of various alloy powders with respect to the zinc reference electrode.

the corresponding drop in cell potential. This result confirms
the lower performance of pure zinc that was observed in an
electrochemical cell [4]. The anodic behaviour of zinc alloy
anodes suggest that pure zinc does limit cell performance,
whereas cell performance is not anode-limited with the other
zinc alloys, as the zinc electrode polarisation remains low
when cell potential reaches the end-point potential of 0.9 V.
The ultimate capacity of these zinc alloys was therefore not
reached, as cell discharge was stopped as soon as the cell
potential reached this end-point potential.

It can be observed that the presence of fines in the size
distribution decreases zinc electrode potential by about

Table 3

20 mV. This effect largely exceeds the chemical effect
associated with the zinc alloys. These results are sum-
marised in Tables 3 and 4. Again, the E~t'* slope of zinc
alloys accounts for about 30% of cell E—'"* slope.

The anode polarisation at a given cell potential or at
specific capacities remains constant for all the zinc alloys,
except for pure zinc at 650 mAh. Again, these results do not
tell us anything about the ultimate zinc utilisation in the
cathode-limited LR6 cells.

The closed-circuit voltage (CCV) of zinc electrode con-
tributes 30% or 50 mV to the cell CCV of 200 mV (versus
open-circuit voltage (OCV)). Cell and anode resistances

Initial slope of discharge curve and zinc anode polarisation at different depth of discharge for various zinc alloys powder

Alloy E vs. 1'% slope Anode polarisation (V vs. Zn)
Cell Anode at two cell potentials at two capacities
12V 09V 150 mAh 650 mAh
Pure zinc —0.0245 0.0071 0.075 0.167 0.133 0.212
Bi —0.0203 0.0065 0.124 0.165 0.157 -
Bi-In —0.0236 0.0066 0.087 0.159 0.139 0.157
Bi-Al —0.0238 0.0069 0.074 0.146 0.134 0.146
ABI —0.0163 0.0053 0.085 0.165 0.146 0.174
ABI fine —~0.0161 0.0046 0.078 0.140 0.122 0.139
Table 4
Potentials and resistances of cell and zinc anode, and in-cell after-discharge gassing (PD) of various zinc alloy powders
Zinc alloy Zinc gassing® Zinc anode potential Cell potential
ml/3 days
OCV vs. Zn (V) CCV vs. Zn (V) Rz, () OCV (V) CCV (V) Reenn ()
Pure zinc 10.3 —0.006 0.048 0.054 1.609 1.408 0.201
Bi - —-0.013 0.068 0.081 1.614 1.396 0.218
Bi-In 2.8 —0.013 0.056 0.069 1.615 1.399 0.216
Bi-Al 0.4 —0.015 0.047 0.062 1.623 1.394 0.229
ABI 0.2 —0.015 0.050 0.065 1.618 1.418 0.200
ABI fine 0.3 —0.012 0.036 0.048 1.621 1.443 0.178

“ Discharge at 3.9 /450 mAh, then 3 days at 71°C. Gassing measurement by liquid displacement.
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Zn alloy® Zn (g) Zn (%) D30 (um) OCV (V) CCV (V) Duration at 1 A min/s PD® (ul g~ ' day™")
PI 3.1 69 316 1.587 1.135 11,09 141
BI 3.1 69 321 1.592 1.369 34,08 150
PI 3.1 65 257 1.589 1.273 19,43 660
BIC 3.6 78 248 1.603 1.283 30,24 66
BIC 35 76 277 1.608 1.357 36,54 178
BI 39 74 290 1.606 1.201 14,13 445
BI 3.7 70 288 1.597 1.173 12,52 171
Abl 3.6 68 246 1.599 1.358 38,36 1671
Abl 37 73 218 1.610 1.380 10,43 133
AbI 33 71 301 1.597 1.350 33,26 150
ABI 34 71 264 1.612 1.393 40,59 87
ABI 36 75 250 1.559 1.207 21,00 503
BIP 3.1 68 248 1.510 1.166 6,54 1000
Abl 33 65 309 1.583 1310 26,59 60
PI 34 71 220 1.590 1.381 16,23 NA.
ABI 3.9 71 259 1.590 1.381 19,43 NA.
BIP 3.1 69 266 1.566 1.360 10,40 288
Pb-Zn 37 78 212 1.589 1.276 18,3 390

4P, B, 1, A and C stand for lead, bismuth, indium, aluminium and calcium. The lower case b means low concentration of the alloying element.

® Discharge at 1 A/0.75 V, then 24 h at 71°C. Gassing measurement by liquid displacement.

were calculated from (OCV-CCV)/I and these resistances
were found to be independent of zinc alloys. Anode resis-
tance accounts for about 30% of the whole cell resistance.
These resistances agree quite well with the total ohmic and
electrochemical resistances measured by impedance and
presented in Table 1.

As anticipated from previous out-of cell gassing evalua-
tions [7], after-discharge gassing of zinc alloys increases in
this order: ABI < BA < BI < Bi < pure Zn (Table 4).

3.5. Behaviour of world-wide commercial cells

The variability in zinc anode formulations and high-rate
cell performance of commercial LR6 cells acquired world-
wide in 1998 were monitored. The results are summarised in
Table 5. It should be noted that both anode formulation and
cell performance may have changed since that time.

Zinc quantity, the percentage of zinc in anodes, zinc
particle size and zinc alloys, as obtained from zinc anodes,
were found to vary substantially from one cell to another.
CCV, discharge time at 1 A down to the end-point potential
of 0.9V, and after-discharge (PD) gassing all vary substan-
tially as well. Substantial OCV variations are surprisingly
observed, but can be explained by differences in KOH-ZnO
concentrations and the corresponding effect on the rever-
sible (thermodynamic) electrode potential. More surpris-
ingly, PD gassing of ABI alloys is not lower than PD gassing
of non-aluminium/zinc alloys.

4. Discussion

Monitoring of zinc electrode potential during cell dis-
charge revealed that the zinc discharge curve is flat and

slightly dependent on the alkaline cell manufacturer, anode
formulation or zinc alloy powder. Zinc anode discharge at
1 A required an electrode polarisation ranging from 100 to
150 mV, which corresponds to an anodic zinc overpotential
lower than 100 mV at about 200-250 mA g~'. The ohmic
loss of about 50 mV can be associated with the anodic ohmic
loss due to electrolytic resistance, tortuosity in the porous
electrode, and ZnO precipitation.

The effect of zinc alloying on zinc anode polarisation
remains small, but zinc alloying appears to extend zinc
utilisation by delaying the passivation of pure zinc that
occurs when cell potential reaches 1 V.

In other words, the absence of an alloying element was
found to induce premature zinc passivation, which suddenly
appeared when the zinc potential reached 200 mV. The
difference, evidenced in an electrochemical cell [4] between
zinc utilisation of the other zinc alloys, was however not
assessed as the experimental LR6 cells were cathode-lim-
ited.

Cell and zinc discharges involve three stages, an initial
stage with potential-time E—t'* function, a middle stage
with a linear E—t function, and the final stage when the
potential suddenly drops. This behaviour leads to three types
of cell performance, (a) type I when the final stage is not
observed with cells displaying a considerable ohmic drop, as
the discharge is stopped when it reaches the end-point
potential of 0.9V, (b) type II, when the final stage is
observed on the cell discharge curve whereas it is not
observed with the zinc electrode if the cell is cathode-
limited, (c) type III when the final stage is observed on
both the cell and the zinc discharge curves, as the cell is
anode-limited.

This work has shown that any reduction in ohmic drops in
the separator and electrodes will improve the high-rate
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performance of type I cells, while the benefits of reducing
the overpotential of active materials will be very small.
Separator impedance depends on layer thickness, porosity,
the number of layers, and changes in the electrolyte com-
position associated with active material electrochemical
reactions.

On the other hand, any reduction in cell impedance will
result in a minor improvement of high-rate performance of
type IT and IIT cells if the active materials utilisation is not
significantly improved. Parameters that affect zinc polarisa-
tion and zinc utilisation in alkaline cells still have to be
identified and optimized in order to improve alkaline cell
performance and to reduce the unit production cost of
alkaline cells by reducing the zinc quantity in zinc anode
material. Moreover, the electrochemical evaluation of high-
rate discharge of the zinc anode in alkaline cells still needs to
be addressed.

5. Conclusion

It has been shown that zinc electrode polarisation is very
small, while it depends slightly on the cell manufacturer,
zinc anode formulation and zinc alloying. The impact of size
distribution of zinc alloy powders appears to be more

significant. Parameters that affect zinc utilisation in alkaline
cells still have to be identified and optimised in order to
improve cell performance, especially when the cell is clearly
anode-limited, namely in the case of zinc-air cells.
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Abstract

The paper is divided into two distinct parts. The first part deals with a look at the progress made to date in the VRLA battery technology
that has established itself as the primary source of emergency standby power within the BT network. This will include a review of
maintenance procedures and the specifying of such products for central office and local switching centres, and will be discussed alongside
an appreciation of how telecommunications networks are changing. The second part includes an assessment of future technology
developments and how these changes will increase demand upon suppliers of battery power for network and hand-held devices of the
future. The paper will conclude with a light-hearted look at potential technological developments of the future that will revolutionise the
way we communicate with each other and our environment. © 2001 Published by Elsevier Science B.V.
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1. Introduction

Standby power, in the form of battery technology, is used
throughout the telecommunications industry either as a
means of portable power for hand-held devices or for
providing emergency power in central office applications.
This paper will describe the incredible and rapid change that
is effecting the telecommunications industry, and review
the progress made over the last 15 years in valve-regulated
lead-acid (VRLA) battery technology. The author will also
take a light-hearted look at future technological and social
change that will continue to place great demands upon the
battery industry to solve the insatiable appetite for power
solutions that will make these products of the future a
reality.

With so much of commerce reliant on their IT infrastruc-
ture, it is essential that any telecommunications network is
resilient against the possibility of a mains power outage. At
the same time, commercial pressure within the telecommu-
nications industry is demanding a greater return on its
network investment, and in particular questioning many
aspects of the traditional way to power and maintain network
equipment. This paper will review many of the standby
power initiatives that have been introduced over the previous
20 years, and take a look at current and future network
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technologies and the challenges that these represent for the
standby power community.

2. Telecommunications technology review
2.1. Changes in the telephone network

The current digital telephone network was introduced in
the UK only 20 years ago, replacing the then decaying
electro-mechanical analogue system, and it was thought
at the time that this would be the network to meet all of
the demands of the future. How wrong we were and how
rapidly things have changed! The explosion of demand for
broadband services fuelled by growth in the Internet and
mobile communications has eaten into all of the available
digital capacity and required a rapid reassessment of tech-
nology and infrastructure investment plans.

Powering these networks has seen a similar revolutionary
change, as many operators found the world decided that their
large-scale centralised dc power systems were too cumber-
some for the digital age. Available technology had also
changed, and the introduction of switch-mode rectifiers
and valve-regulated lead-acid batteries enabled network
operators to introduce smaller end-of-suite distributed
power systems. The introduction of rapidly deployed Inter-
net protocol (IP) equipment is also producing an intense
debate within the telecommunications power community as
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to whether the future of power equipment should be from a
standby ac or dc platform.

2.2. Changes in mobile communications

Over the last 10 years, mobile hand-held devices have also
changed out of all recognition. From the old style bulky
handsets owned by the few, to today’s wireless application
protocol (WAP) miniature devices. The changes in technol-
ogy have been surpassed only by the volume in use and this
trend is set to continue for many years to come, as wireless
bandwidth becomes cheaper and mobile Internet service
providers exploit the potential of the new 3G networks.

Powering hand-held devices has also improved signifi-
cantly with the introduction of new battery technologies
(nickel/metal hydride, lithium-ion, lithium polymer) and
sensible power control built into the handset. Improvements
in radio technology, micro-electronics and smaller digital
radio cells has also reduced the demand on the battery pack,
correspondingly lower tariffs have increased talk time con-
siderably and this has again burdened the power pack.
Battery performance has and remains an inconvenience
for the mass of users of mobile telephony despite the
changes to more reliable battery technology and improved
energy density. The future for mobile telephony is even more
challenging, as greater reliability and higher power densities
will be required for the next generation of always-on com-
municators that will transform all aspects of our lives.

3. Standby power: background and architecture

BT introduced VRLA battery designs to its network in
1984 as a means of simplifying its dc power system.
Previously, the older centralised power plants consisted
of large rectifier modules, some as large as 3000 A and
associated large-scale, flooded electrolyte, Planté batteries.
As the network evolved to the digital platform, it became
clear that this type of dc infrastructure could not be built at
the same speed as the telecommunications switching equip-
ment, and therefore a new architecture was designed
incorporating a rack-mounted power system installed
alongside the switching equipment. This was made possi-
ble by recent improvements in smaller switch-mode rec-
tifier designs.

Recombination VRLA battery technology was chosen
because of its reduced gassing levels enabling the rack to
be positioned in the switch room. Due to this close proximity
of the power system to the switching equipment, distribution
costs were reduced as the voltage drop from the battery was
minimised and improved system reliability was anticipated
due to the modular design of the new dc power system, both
at component and system level. By comparison, failures of
large central power plants, although rare, would be cata-
strophic over a large geographic area, as all switching and
transmission units are connected to this one source.

As part of its modernisation plan for the digital network,
BT also installed automatic-start diesel engine generator sets
at all network sites. As these generators start within 27 s of
the failure of the public electricity supply, battery autonomy
times were reduced to a minimum of 1 h.

3.1. Reliability of VRLA batteries

Initially, all seemed well with the new battery technology.
Then 4-5 years after their introduction, BT along with other
network operators experienced increasing battery failures
that primarily fell into two groups. The most serious were
sudden and catastrophic failures caused by an open circuit
battery and the second a premature reduction in battery
capacity.

Investigations by BT and their battery suppliers identified
one manufacturer whose products sometimes suffered
severe corrosion of the interconnecting group-bar or top
lead. At this time, most manufacturers employed a manual
process to burn or form the group-bar onto the plate lugs.
Subsequently, it became clear that the VRLA design was far
more susceptible to manufacturing quality control than other
lead designs and as a result BT introduced a monitoring
programme and supported the introduction of the BSI
standard (BS) 6290 pt 4 (1997).

Between 1989 and 1996, VRLA reliability became a
major concern to BT and its battery suppliers, although it
must be said that not all designs suffered from the same
failure modes and there were also many examples of pro-
ducts that met their anticipated design life. Of notable merit
were VRLA designs made from a pure glead prismatic plate
that achieved an in-service life of 10 years. It became clear
that there was nothing fundamentally wrong with the basic
VRLA design other than the issue of quality control during
manufacture, and BT’s battery suppliers responded by intro-
ducing new automated manufacturing techniques that dis-
pensed with the variability caused by older manual
techniques. The group-bar problems were eradicated by
the introduction of the automated cast-on-strap process,
and incidences of premature capacity loss were reduced
by improved active material mixing and pasting techniques.

As a result, BT has become increasingly satisfied by the
performance of the VRLA product, and 98% of it is now
meeting the 6-year-life criterion for lead—calcium-tin
designs installed in an average equipment room temperature
of 2°C. However, not all telecom operators feel the same,
and there is move in some circles to go back to the older style
centralised systems and flooded battery designs.

3.2. Monitoring

Due to our early experience with the VRLA product and
with the number of monoblocs installed in the network now
approaching 1 million units, it became essential to introduce
a reliable monitoring programme. Even more essential was
the need to register the make, age and location of each
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battery on a network-wide inventory system. The basic fact
that all batteries, especially lead-acid types, will ultimately
require replacement means that a monitoring and replace-
ment strategy is an essential service requirement of all
network operators. Sadly (and this must be of some concern
to the battery industry), many of the VRLA products
installed within private networks have now decayed beyond
their useful life and will ultimately present a safety hazard to
the end user.

Automated power system controllers that can periodically
perform a maintenance check by discharging batteries to the
equipment load are a recent innovation, and until now
manual methods had to be used. With so many batteries
in a modem telecommunication network, it can prove to be
an expensive time-consuming task if traditional discharge
techniques are used. As a result, many batteries may remain
untested and therefore their condition remains unknown.
With so many batteries deployed within the BT network, it
became necessary to introduce a faster manual method
whilst continuing to deploy our ultimate strategy of auto-
mated battery testing for all modern power systems. To this
end, BT introduced conductance/impedance testing as the
primary annual maintenance check for all VRLA batteries.
Initial scepticism over this method by industry was soon
replaced by a better understanding of the limitations and
advantages, coupled to the knowledge that BT s environ-
mental control is within acceptable limits for a VRLA
product (life is halved for every 10°C rise above 20°C).

Each field technician has a Midtronics conductance tester
that uses a four wire ac signal method to measure and display
the inverse of the impedance, conductance, of the monobloc
under test. This is then compared to a reference figure for
this type of battery. As BT is primarily interested in only
potentially gross failures, due in part to the provision of an
emergency engine generator, the chosen failure thresholds
are purposely set outside of the scatter which is commonly
seen around the 70-80% capacity value. In this way, only
fully charged batteries are tested and a large variation in
conductance can be identified as a problem battery. The
technician can then choose either to subject this battery to a
discharge test or replace it under warranty.

Careful monitoring of conductance trends and warranty
replacements ensure that replacement strategies can be built
with confidence.

BT is currently embarking on a further enhancement to its
battery maintenance strategy by introducing automated
battery capacity tests. This method exploits the potential
of the power system controller to initiate an automated
timed-battery discharge to the equipment load. This is a
simplistic test to ensure that the battery can supply the
equipment load for a predetermined time down to a mini-
mum of 46 V. Once again, the test is only performed on a
fully charged battery and the frequency of the test is
designed to capture any significant degradation in battery
capacity without any necessary cycling of the battery. In the
event that a failure has been determined, a technician will

only then attend and perform a system load check and
conductance test to further diagnose the problem and effect
a repair.

Early indications of this method are suggesting that
maintenance costs will be reduced by a further 15%, and
those batteries that are exceeding their design life can
remain in the network longer, thereby deferring capital
replacement costs.

3.3. Specification, national and international battery
standards

An appreciation and understanding of the battery applica-
tion and environment is essential to successfully specify the
appropriate battery. A suitable National Standard for tele-
communications batteries within the UK is BS 6290 pt4
(1997). This standard has been designed to assist in the
formulation of a procurement specification and requires the
user to specify the performance classification required to
meet his requirements. The classification includes sections
on safety, performance and durability. The user must specify
a performance classification in each section.

Safety tests include container flammability and mechan-
ical integrity tests as well as gas emission and high current
endurance tests. These can be used by the designers of
equipment cabinets to ensure that adequate ventilation
and overcurrent protection can be built in from the start.

Performance tests confirm rated capacity tests between
durations of 5 min and 10 h, as well as cyclic endurance,
charge retention (for storage calculations) and internal
resistance.

The durability classification is based upon elevated tem-
perature tests in the laboratory that have been proven to
relate to anticipated life at normal temperatures. The high
temperature accelerates the corrosion of the lead plates and
through a mathematical relationship (the Arrhenius equa-
tion); the high temperature life can be used to predict life at
the actual temperature.

Work is also in progress on a new International Standard
to reflect the global aspirations of telecommunications
companies. This standard is an attempt to amalgamate
National Standards from America, Japan and Europe,
including BS 6290 pt4. If successful, IEC 60896-2 will
be welcomed by many in the telecommunications industry,
and simplify the global procurement of VRLA telecom
batteries.

4. Future telecom platforms
4.1. Network elements

The real telecommunications revolution is only just
beginning. The arrival of the Internet means that all net-

works are being forced to change beyond all recognition. A
broadband network based on the new datacoms Internet
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switching protocol (IP) enables voice, data or video streams
to be sent at low cost over the high-speed part of the PSIN
network. Advances in datacoms switching speeds enables
vast amounts of data to be sent anywhere in the world,
effectively by-passing the lower-order PSTN elements. The
requirement to send and receive large amounts of data is
enhanced further down-stream by cable TV networks,
domestic modem or direct server access or by emerging
XDSL platforms that can operate at increased speeds over a
normal twisted-pair telephone line.

Commerce and Governments are demanding cheaper
access to the Internet in order to benefit from the potential
productivity gains of e-business within a society that
embraces e-commerce. This will become a reality as Internet
connections become affordable and are always on.

One of the most significant developments of this new IP
network will be the emergence of voice over IP (VOIP) or
video over IP. This is where voice or video data is trans-
mitted over the IP network at a fraction of the cost of the
PSTN network. These technology changes will force net-
work operators to dispose-off assets that are not part of their
new core businesses, and as a result the provision and
maintenance of network power will move to external busi-
nesses. As a result, battery standby reverses may be reduced
further and procurement pressure will see price as the
dominating factor.

The reducing cost of bandwidth and the convergence of
datacoms and telephony is making the traditional network
operators move into media content as information service
providers (ISPs) for their own products or as third party
providers. The reliability of the necessary datacoms equip-
ment will become increasingly important to these organisa-
tions and to their customers, as will the provision of standby
power to backup the servers and routers.

In power and reliability terms, the convergence of the
datacoms and telecoms networks will cause its own pro-
blems, as traditionally datacoms equipment has been fed
from an ac source with limited backup power being provided
from UPS systems having typical autonomy times of 5-
30 min.

Safety and working practices are different too, with
telecommunications equipments being the safer option
using the traditional dc voltage of 48 and employing specific
high impedance separation between ac protective and dc
signalling earths.

4.2. Wireless elements

Mobile networks will also be transformed with the intro-
duction of 3G networks that will enable high bandwidth
transmission via the newly licensed radio spectrum. This
will require an increase in base stations, as the 3G network
utilises smaller radio cells and each miniature radio base
station will require its own backup battery. As these base
stations will be subjected to varying environmental condi-
tions, the chosen battery technology will have to be robust

enough to give reasonable life at summer temperatures in
excess of 30°C. The downside to this rapid deployment of
3G infrastructure is cost, and therefore network providers
will be reluctant to increase investment levels, and a fear
exists that purchasing pressure could outweigh the use of a
more suitable battery technology despite its superior engi-
neering qualities.

The growth in personal communications is set to continue
well into the next decade as mobile phone density rivals
fixed network devices and the successful deployment of 3G
networks enables a new range of personal communicators.
Some operators believe that wireless networks will become
the number one broadband access platform and that, despite
the initial heavy costs of the 3G platform, will retain a
significant cost-efficiency over rival fixed network. The
evolution into higher speeds will also provide the opportu-
nity to re-define basic telecommunications services.
Always-on connectivity, bandwidth-on-demand and mobi-
lity will become the norm rather than the exception with
speeds in excess of 64,000 bits/s becoming possible.

5. Futurology

In order to visualise the impact of these dramatic tech-
nology changes and the convergence of multimedia plat-
forms, BT employs the services of a futurologist — a person
who attempts to predict the endless possibilities of emerging
technology, and how this will change and impact upon
society. These predictions help technologists to develop
new applications and devices that may well spin-off into
commercial reality.

Futurologists have both optimistic and pessimistic views
of the future. Optimistically, new technology will become all
embracing and be a true commercial success that will
change our human behaviour for the better, and will have
an impact across all aspects of society. Pessimistically, the
belief is that basic human needs of food, shelter, love, status
and self-fulfilment cannot be altered by technology and are
written deep into our DNA.

Clearly, the most rapid change is being experienced by the
computer-based industries. This will continue with rapid
advances being made in software developments that are not
constrained to bandwidth. Personal computers, containing
their own software packages, will be replaced by Internet
software portals personalised to restrict unwanted junk mail
and enhance speed of access to items of interest. Voice
communication and recognition will rapidly prove to be a
major success, and instantaneous multi-lingual translations
will make the world seem even smaller.

Interactive software will develop personalities and syn-
thetic talking life forms called avatars will add that personal
touch when obtaining access to services or buying products
on-line. By the year 20035, there will be more than 2 billion
voice portals or voice-enabled web-sites. These devices
will exploit Internet-based e-commerce and solutions to
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customer/management relationships. The most popular
avatars will have legal rights and some of our friends will
be synthetic creations only existing in cyber space. All
learning will become web-based and experience will be
gained from time spent in a holographic simulator.

There will become one universal electronic currency
accepted by any shop or web-site in the world with crediting
and debiting performed instantaneously via your personal
communicator. By 2003, there will be more than 350 million
smart phones or personal communicators in use. The

integration of GPS technology into these devices will
create myriad opportunities for location-based content
and services. These personal communicators will also be
able to monitor basic health functions and automatically
alert your doctor, who may automatically e-mail a prescrip-
tion or request a consultation.

These are just some of the views of our changing world,
illustrations purely to remind the battery technologist that
reliable portable and standby power will become essential
part of our everyday life.
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Abstract

Newly developed nickel-metal hydride (Ni/MH) micro cells that are capable of high rates, meet the requirements of main power sources
for modern wireless telecommunication devices, like GSM hand phones, PDAs and others. Besides having the capability to give high
continuous and pulse discharge currents, they also ensure the realisation of a device with slim design and low cost.

For the back-up of the RTC function, a lithium-ion cell based on the carbon-manganese dioxide system provides high reliability by
having a long cycle life and complete tolerance to deep discharge.

For MBU (which require higher rates), a Ni/MH cell only 2 mm thick is now being introduced. Other wireless devices, like headsets for
comfortable use of mobiles whilst driving, wireless mice and keyboards and the upcoming “Bluetooth” technology will need suitable
power sources. Besides the rather high currents, which exclude low-power lithium systems, miniaturisation is limiting the space available
for the battery.

Some concepts using NYMH micro batteries will be discussed in this paper. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Nickel-metal hydride batteries; Lithium-ion batteries; Portable communications; Miniaturization

1. The 450 and 600 mAh Ni/MH cells

The design of new GSM phones, PDAs and other wireless
devices is driven by the need to minimise dimensions as well
as weight and, being a mass market consumer product, by
continuous cost reduction.

To power these devices from a very fast growing market,
Varta has developed two new Ni/MH cells, the V450HR and
V600HR, with nominal capacities of 450 and 600 mAh

The main features of these cells are:

o slim design only about 5 mm thick;

e high short-duration discharge current capability, up to
10 C;

o fast charge capability, 1 C charge with —dV termination;

e low self-discharge characteristics, ~20% per month at
room temperature;

e long service life;

e attractive price/performance ratio;

e environmentally friendly: 0% lead, 0% mercury and 0%
cadmium.

A successful GSM phone requires a total thickness of

<20 mm so a slim battery is needed. The alternatives,

" Corresponding author.
E-mail address: dejan.ilic@vatra.com (D. Ilic).

prismatic Ni/MH or Li-ion cells (the latter with an advantage
in weight) are rather costly.

The V450HR cell gives the design engineer the possibility
of using a battery pack with a total thickness of 6-7 mm, but
at areasonable cost. A 3.6 V pack, using three V450HR cells
to give dimensions of 34 mm X 24 mm X 5 mm, in a plastic
case or as a shrink—sleeved version can have either wire
connectors or, to save costs, embedded directly onto the PCB
of the phone.

Improvements in the chip technology have resulted in
very long standby times, consequently the user usually needs
only one battery and the option of a second battery is no
longer needed. In addition the battery lifetime is improved,
so this embedded option can used. The battery is shown in
Fig. 1.

Micro (button) cells are usually regarded as low power
cells. The 450 HR cell was developed also to discharge at
high currents. Its design, with a multi-electrode stack,
enables it to be pulse discharged at up to 10 and 5C
continuously. Therefore, it can be used in GSM phones.

The performance of the V450HR under different loads is
illustrated in Fig. 2. Cell impedance is about 2 m2 and that
of the complete pack is far below 10 m€). This ensures
sufficient operational run time, even for digital devices with
high pulse currents. In talk mode, GSM mobiles require up
to 2 A pulses and standby currents in the range of 50-

0378-7753/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Fig. 1. Embedded version of three-cell V450HR Ni/MH cell.

200 mA, and under these conditions this battery provides
more than 90% of the nominal capacity of 450 mAh (Fig. 3).

For convenience of use, a mobile phone requires a short
recharging time. This battery can be recharged with currents
up to 1C, the decrease of the voltage (—dV) when the
battery is fully charged being used for termination, to avoid
overcharging with such high currents. This performance
is comparable to cylindrical and prismatic Ni/MH cells
and the charging characteristic of the 450HR is shown in
Fig. 4.

Compared to other Ni/MH micro batteries showing an
extreme low self discharge rate of only 20% capacity loss

1.5

after 1 year, the multi-electrode design of this high rate cell
resulted in a self discharge of 20% per month.

As in other button-type Ni/MH cells, a pressure relief vent
is integrated at the bottom of the cell to avoid the built-up of
high pressure inside the cell arising from abusive conditions.
Under normal conditions the cell remains sealed, and even
under abusive short-circuit conditions no activation of the
safety vent is noticed. This cell offers the designers of
wireless telecommunication devices an attractive option
to realise a slim design without loosing the target of cost
reduction.

2. Micro Li-ion cells for RTC back-up in GSM
phones and pagers

When the main battery is changed or completely dis-
charged, the RTC (or other) function of the device has to be
backed-up by an additional battery. This requires a 3V
supply, but at very low currents in the range of micro
amperes. The size of this battery should be as small as
possible and a good cycle life even with deep discharges is
required. For this purpose Li-ion cells, based on a carbon
anode and a manganese dioxide cathode have been devel-
oped. Two sizes, both having a diameter of 6.8 mm and a
height of 2.1 (the MC621) and 1.3 mm (MC614) enable the
engineer to design in a 3 V back-up cell with minimum
space requirement. The smaller cell, with tags, has a max-
imum height of 1.65 mm, which is a suitable size for
mounting onto the PCB of many mobile phones.

1.4
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Voltage (V)
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Fig. 2. High rate performance of V450HR Ni/MH cell.
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Fig. 3. GSM pulse discharge test on a three-cell V450HR battery. Repetitive regime: pulse, 1800 mA/0.6 ms. Continuous: 200 mA/4 ms.

The main advantages of these cells are:
e excellent cycle life (>200), even at 100%DOD to 1.8 V;

e insensitive to deep discharge, dischargeable down to
0.0 V (cycle life at 100% DOD to 0.0 V > 100);

4,80

¢ wide operational temperature range (—10 to +60°C);

e very low self discharge, <10% per year at room tempera-
ture;

no safety risk, no metallic lithium is present;

e evironmentally friendly.
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Fig. 4. Charging characteristics of a three-cell V450HR battery.
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Fig. 6. Short circuit behaviour of a V20HR cell.

Diameter/Length (mm)| 11.5 4
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Fig. 7. Range of small Ni/MH button cells.
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The cycling performance, even under deep discharge, is an
especial criterion of enhanced reliability from this electro-
chemical couple compared to cells having lithium-alumi-
nium alloy as their anodic material.

No protection against deep discharge is necessary, whilst
charging can be done by using constant current up to 3.4 V
(termination at this voltage) or directly from 3.4 V with a
current limiting resistor.

3. V20HR-a back-up battery which meets the
requirements for high rate capability and very slim design

For those applications which need more power for back-
up, a Ni/MH micro battery, type V20HR, is now being
introduced. This extremely slim cell, of thickness 2 mm,
ensures a flat design for the device.

PDAs with additional cellular functions (GSM/CDMA)
need to back-up memories when the main battery is changed
or in case of failure. For this, a battery needs to provide
currents in the range 10-20 mA. Advanced super-slim note-
books require, for RTC and/or bridging, a battery that is as
flat as possible.

This new cell fulfils both demands. Having a nominal
capacity of 20 mAbh, it can be discharged up to the 5 C rate,
and at 1 C (20mA) it still delivers 18 mAh. The rate
capability is shown in Fig. 5.

Besides these features, the V20HR cell shows the follow-
ing characteristics

¢ charging can be done in a “normal” mode at 0.1 C (2 mA)
within 14-16 h, or accelerated at the 0.5 C (10 mA) rate
for 3 h after the cell has been fully discharged;

e continuous overcharge is possible at 2 mA (0.1 C);

o the expected life time under trickle charge of 0.6 mA is up
to 6 years at 20°C and up to 3 years at +45°C;

o the cell can be discharged over the temperature range —20
to +65°C;

¢ the self-discharge rate is around 10% per month at room
temperature;

e if short-circuited, the temperature increase is small. Fig. 6
shows an increase of about 12°C for a six-cell battery.

Depending on the requirements for MBU functions, very
slim Li-ion or Ni/MH cells are available for back-up power
and so help designers keep their devices small, yet reliable
when the main battery is disconnected.

4. Main batteries for other wireless telecommunication
devices

Other wireless devices like headsets for comfortable (and
legally allowed) use of mobile phones whilst driving a car,
wireless mice and keyboards, also the upcoming *“Blue-
tooth” technology will need suitable power sources. These
devices need rather high currents, so Li-ion rechargeable
coin cells are not suitable.

Fig. 7 shows a range of Ni/MH button cells that combine
light weight (for 3.6 V batteries between 5.5 and 19 g) with
small form factors, have the ability to meet the current drain
requirements, are ‘“‘robust”, safe under abusive conditions
and are environmentally friendly.

The main four types have capacities of 15, 40, 80 and
150 mAh. They can be designed into wireless devices or are
under consideration. All can be continuously charged at the
0.1 C rate without capacity degradation. They loose only
20% of their capacity by self discharge during a 1-year
storage. They will recover after deep discharge and
when short circuited, their temperature will rise only by
10-15°C.

For voltage multiples of 1.2V, single cells can be
assembled in flat or stacked configurations, being connected
to the device by tags or wire connectors and so conforming
to the design criteria. For wireless headsets, the battery can
be split, and mounted in different sections of the device to
realise a comfortable weight balance. To provide a longer
running time, a spare battery is often a consideration, which
is charged in the base station when the other pack is in use.
For reference, some battery design concepts are shown in
Fig. 8.

5. Conclusions

Today’s micro (or button) cells are not only for low rate
applications, as they are suitable for use as main batteries
in devices with rather high current drains. These new
high-rate cells can power GSM phones. Depending on the
current profile, Li-ion or Ni/MH cells are available to
ensure MBU functions. For upcoming wireless telecom-
munication devices, including mobile phones, the
designer will find a potential solution to his power
requirements with the micro batteries described in this

paper.
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Abstract

Three sizes of small valve regulated (VRLA) commercially available lead-acid cells were investigated and characterized for their
dynamic properties by ac impedance spectroscopy and other electrochemical techniques. All cells were of the limited electrolyte type and
no additional electrolyte was introduced during the studies.

The data indicates a very significant increase in cell impedance at lower states of charge, as expected. In charging studies close to the
fully charged state, some unexpected impedance data were observed.

Complex impedance plots indicate a passive film formation, probably associated with the recombination surface film. The investigations
included cells in various states of charge as well as cycling history including positional orientation studies. Equivalent circuits were derived
from ac impedance spectroscopy and the parameters studied as a function of the cell’s state-of-charge. Furthermore, the voltage response of
the cells was theoretically generated from the ac impedance spectroscopy using Fourier transform analysis and found to be similar to the
measured cell responses. © 2001 Published by Elsevier Science B.V.

Keywords: Lead-acid batteries; Electrochemical impedance spectroscopy; Time-domain spectroscopy; Fourier analysis; VRLA batteries

1. Introduction

Performance analysis of lead-acid cells continues to be of
technical interest as they are recognized to be rapidly
evolving among other successful commercial high power
and electric vehicle power sources. The technique of asses-
sing state-of-charge (SOC) based on electrochemical impe-
dance spectroscopy (EIS) [1] is a very popular way to
accomplish this. It is also known that for a valid and more
thorough dynamic characterization of electrochemical
devices, one might reinforce the experimental findings with
model parameters derived from relevant mathematical ana-
lysis. Further, it is more assuring to have the same inference
made from studies made on the basis of two different
domains, i.e. both time and frequency.

Time-domain spectroscopy (TDS), which involves the
application of a bipolar square wave current and measure-
ment of the consequential terminal voltage, is an emerging

" Correspondin